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Chapter 1 is an introduction to the hierarchy in block copolymer self-assembly from a 
bottom up approach. To begin with, the control at each hierarchical level is introduced and 
the influences are reviewed. This chapter is concluded by reviewing some techniques to 
understand self-assembled block copolymers and the applications from bottom up self-
assembly of block copolymers is presented.   
Chapter 2 reports the synthesis of a range of amine homopolymers and copolymers by 
RAFT polymerisation. These amino polymers are then explored further as lubricant additives 
and their solution self-assembly in non-polar media is explored. 
Chapter 3 investigates the performance of the amino polymers from Chapter 2 as ashless 
detergents in lubricant formulations using a range of industrial testing methods.  
Chapter 4 reports the synthesis and self-assembly of a range of pH responsive 
P(DMAEMA-co-DEAEMA)-b-PDMAEMA diblock copolymers, where the composition of 
the P(DMAEMA-co-DEAEMA) block was varied by copolymerisation, in aqueous solution 
studied by a range of scattering methods and microscopy.   
Chapter 5 reports the initial copolymer blending method protocol, here two P(DMAEMA-
co-DEAEMA)-b-PDMAEMA diblock copolymers with varying P(DMAEMA-co-
DEAEMA) block compositions are blended together. The structures formed on the nanoscale 
are analysed and further compared to the structures formed by a pure P(DMAEMA-co-
DEAEMA)-b-PDMAEMA diblock copolymer with the same composition as the blend. 
Chapter 6 reports on the extension of the copolymer blending method protocol, here a range 
of neutral polymers and different self-assembly pathways are explored and the structures 






1. Bottom-up approaches in polymer nanotechnology.  
Synthetic polymers embody an extensive subject matter, across a large spectrum of length 
scales, from sub nanometre, by changes in the chemistry of the monomer,  up to much larger 
macroscale lengths.
1
 This great spectrum of research interest is a consequence of the 
comprehensive fundamental questions associated with the wide range of polymer 
applications and functions in both bulk and solution.  
Block copolymers are an interesting class of polymer where two or more polymer blocks, 
differing in chemistry, are covalently linked. Consequently, unique advantages in both 
applications and functions in polymer science are apparent as it is now possible to produce 
materials that possess functionality and behaviour of two or more different polymers in the 
same material. Despite a wide range of applications and functions, diblock copolymers can 
also produce behaviours which are not inherent to the chemistry of the monomer; however, 
the behaviour is a result of the nanoscale organisation of the polymers into defined 
structures. These defined structures arise from the phase separation that diblock copolymers 
can exhibit, the covalent bond between the two blocks prevents macrophase separation but 
nanoscale self-organisation can indeed occur.  In both bulk materials and when the polymers 
are dispersed in solution they can self-assemble into organised structures, leading to a new 
range of behaviours and a new subcategory of polymer understanding, polymer self-
assembly.   
This remarkably interesting subcategory of polymer self-assembly can be divided even 
further as the polymers, as mentioned can self- assemble in the bulk and in solution (Figure 
1.1). By varying the polymers throughout the range of accessible sub-micron length scales in 
a bottom up approach much larger organised hierarchical structures can be controlled, paving 
the way for a fascinating array of characteristics and behaviours which can be exploited to 
solve a variety of industrial problems (Figure 1.1). Nevertheless it should be appreciated that 





(solution assembly) or polymer solar panels (bulk assembly), that control at each hierarchical 
level must be achieved. This control is especially true on the larger length scales, 10 nm-1 
m, be it from control over morphology or control of the dynamics at equilibrium (Figure 
1.1).  
 
Figure 1.1. Structural hierarchies in polymer systems from a bottom up approach. Precise 
polymer application images adapted from ref.
2,3
 Image for bulk assembly = Solar panel, 
image for solution assembly = Pour point additive in a lubricant formulation.   
 
For bulk block copolymer self-assembly, extensive arrays of polymers have been produced 
and studied on these submicron length scales. On the other hand, for self-assemblies in 
solution not only must the two polymer blocks separation be understood but a further factor 
must be considered, the influence of the dispersion solvent of choice. Most commonly the 
self-assembly of diblock copolymers in solution is investigated in water based systems and 
mimics many of the morphologies and behaviours formed by small molecule surfactants 





lubricant additives for automotive engines. Here, in this Thesis the understanding of 
structures formed on the nanoscale from diblock copolymers in both polar and non-polar 
media is explored. The aim of this Chapter is to provide an introduction on the ability to 
control the polymer assembly at each hierarchical level; length scale control, morphology 
control, domain functionality control, equilibrium control, with the principal aim towards the 
understanding of polymer self-assembly in solution. 
1.1. Precise length scale control 
Structures formed by polymers on the nanoscale have even smaller substructure domains, 
which can vary from a few nanometres up to 50 + nanometres.
4-7
 Simply, this is achieved by 
making changes on much smaller length scales than the those in which the substructure 
domains are observed, by altering monomer structure, e.g. from a neutral to an ionic species, 
and / or the length of the polymer chain.
7-9
 
From synthetic advances in polymer chemistry it is now suggested that any polymer 
architecture can be obtained, with the literature showing a plethora of examples ranging from 
novel peptide based polymers to large icosablock polymers, all with good control of 
molecular architecture.
10-13
 In addition to these are polymers which have functional end 
groups (here to be termed “block copolymer analogues”),14-19 that can arise from 
polymerisation initiators or by post polymerisation modifications, which again can produce 
nanoscale polymer domains with a controlled size as these end group can behave in a similar 
manner to a second polymer block.
20,21
  
Previously polymers have been produced through living polymerisation techniques such as 
anionic polymerisation and as such do have the required control over chain length but will 
lack certain functionality such as hydroxyls, which limits the scope of these polymers to 
prepare controlled nanostructure domains.
1
 In recent years however, the birth of reversible 
deactivation radical polymerisation (RDRP) has paved the way for the polymerisation of 





maintaining good control along the polymer chain.
22-26
 The most prominent RDRP technique 
for incorporating the largest range of functionalities whilst maintaining chain length control, 
therefore offering potentially the most control of nanostructure, is reversible addition 
fragmentation termination (RAFT) polymerisation.
27
 
1.1.1. RAFT Polymerisation 
Although theoretically a radical technique which could give polymers of controlled 
molecular weight have been around since the 1950s,
28
 however, it wasn’t until the mid-1980s 
did this prediction become evident experimentally with both iniferters and reversible capping 
initiators.
29-33
 With this discovery the control of living polymerisation could be achieved with 
the ease and range of functionalities from free radical polymerisation.    
RAFT polymerisation is based upon the same polymerisation processes as free radical 
polymerisation however, with the introduction of a chain transfer agent (CTA, 1, Figure 1.2) 
some processes are virtually undetectable throughout the polymerisation. Additionally in 
comparison to free radical polymerisation, chain transfer is now enhanced and it is now 
reversible if the correct CTA is used.  Specifically the mechanism of RAFT polymerisation 





1.1.1.1. RAFT polymerisation mechanism 
 




Initially a radical species is produced from the decomposition of a radical initiator. This 
radical species is then able to react with the chosen monomer to produce the initial monomer 
radical, Pn∙. RAFT polymerisation then proceeds via two equilibria. The first equilibrium is 
the reversible chain transfer / propagation. Here as the C=S bond is much more reactive to 
radicals than C=C bonds and therefore the growing polymer chain will rapidly add to the 
CTA via the C=S bond to produce the intermediate radical 2. However, although stabilised 





the R group is a good homolytic leaving group the polymer chain then stabilises to become 
3, where R∙ can then further reinitiate the polymerisation. 
Here a rapid equilibrium is produced between the dormant Macro CTA, 3, and the 
propagating radicals through the radical intermediate 4 (Figure 1.2 chain equilibrium / 
propagation). This degenerative transfer mechanism allows for control over molecular 
weight when compared to free radical polymerisation, as now the probability for each RAFT 
polymer to undergo propagation with a radical monomer is equal between chains and 
therefore all chains grow at an equivalent rate, thus giving low dispersity and good control 
over the molecular weight of the polymer. Furthermore it should be noted that the RAFT 
process neither creates nor destroys the initiated radicals and as such the rate of 
polymerisation is the same as free radical polymerisation under perfect conditions. Hence it 
can then be deduced that the rate of polymerisation is therefore pseudo first order with 
respect to monomer. To minimalize termination and chain transfer the concentration of 
radicals produced needs to be low and as the RAFT process neither creates nor destroys 
radicals, this can be reduced by introducing less radical initiator to the system.
10
  
Given that RAFT polymerisation works on the equilibrium between the macroCTA and the 
radical intermediates 2 and 4, careful selection of both the R and Z groups is needed for 
successful polymerisation of the selected monomer. For example if the equilibrium lies too 
far towards the radical intermediates 2 or 4 then the polymer chains do not grow at equal 
rates and broad polymer distributions are observed. 
Specifically the R group must be a good homolytic leaving group with respect to Pn as poor 
leaving groups will cause the polymers to exist as 2 in the reversible chain transfer / 
propagation step for longer periods of time and cause rate retardation for the polymerisation. 
Additionally the R group must have a high partition coefficient (ɸ), which is the relation 
between the ratio between the starting materials and the products, and of the radical 





   
  
        
       (1.1) 
 
 
On the other hand the Z group controls the reactivity of the thiocarbonyl group to radical 
addition. The Z group maintains the stability of the radical intermediates 2 and 4, however, 
for a RAFT polymerisation to be effective and have low dispersity the Z group cannot be too 
good as a stabilising group, as this will hinder the fragmentation of the R group towards the 
R∙ species.  Although the R and Z groups can be altered to provide a range of chain transfer 
agent for polymerisation it should be noted that each RAFT agent should be tailored towards 
the monomer of interest. For example methyl methacrylate (MMA) is a more activated 
monomer and will therefore need an R group which can have a good leaving group when 
compared to the propagating radical Pn∙. Furthermore, the Z group must be electron 
withdrawing as to ensure a good rate of radical addition towards the C=S bond on the CTA. 
Figure 1.3 depicts the R and Z groups matched towards each monomer.  
 
Figure 1.3. Guide to RAFT agent selection of Z and R groups. a) Z group dependent on 









Another benefit of RAFT polymerisation over conventional free radical polymerisation is the 
ability to chain extend the polymer with a second monomer thereby producing a block 
copolymer. In a similar manner a novel feature of the polymers produced using a RAFT 
polymerisation is that the polymer chains terminated with the thiocarbonate from the CTA 
can be utilised further with specific chemistries post polymerisation, such as Michael 
addition,
17
 thermolysis and radical induced removal to name a few,
34,35
 and can produce 
block copolymer analogues.
36
 Specifically the thiocarbonate group can be exploited by a 
range of chemistries for example the thiocarbonate group can be modified to produce second 
block mimics,
37
 protein end groups and fluorescent tagged end groups.
17,38,39
 Furthermore, 
these polymer end groups can result in vastly different properties to the original polymer, in 
some cases these end groups can induce self-assembly in solution, even if the end groups are 
short alky chains.
40
 Winnik and co-workers have explored extensively the self-assembly of 
telechelic polymers in solution and have concluded that small telechelic end groups had large 
effects on the properties in solution, ranging from new structures formed through to changes 
in rheological properties.
41-47
 These new end group modified polymers are interesting when 
compared to block copolymers, because the former will all have an end group that is 
identical, for instance if a long chain molecule or amino acid is added. However, the latter 
will have a second block which is inherently different between polymers a consequence of 
the second polymer block dispersity.   
As previously stated, these block copolymers and block copolymer analogues can in some 
cases phase separate, producing a step up in hierarchy (Figure 1.1) as now larger structures 
with defined polymer domains can be formed.
4,48
 
1.2. Precise morphology control 
The next length scale to maintain control over is on the nanometer scale (Figure 1.1). It is 
known that in the bulk both block copolymers and block copolymer analogues can 
microphase separate when thermodynamically favoured.
7,49-52





dependent on the interaction between the two blocks, known as the Flory-Huggins 
interaction parameter, AB, and the relative degree of polymerisation, N.
51
 If it is 
thermodynamically unfavourable for the blocks to mix the block copolymer will phase 
separate within the bulk to minimise this unfavourable interaction, producing defined 
domains composed of each block. This phase separation leads to an array of morphologies, 
which may also be observed in solution dependent on polymer solvent interactions (AS and 
BS), and which can be controlled by carefully synthesising the length of the polymer blocks 
to give specific volume fractions, block (Figure 1.4a).
50
 Equilibrium morphologies can then 
be experimentally obtained through annealing the samples which then mimic theoretically 
predicted structures (Figure 1.4 b and c).    
 
Figure 1.4. a) Morphologies formed by AB diblock copolymers in the bulk at equilibrium: S 
and S’ body-centered-cubic spheres, C and C’ = hexagonally packed cylinders, G and G’ = 
bicontinuous gyroids, PL = perforated lamellae and L = lamellae. b) Phase diagram of AB 
diblock copolymers in the bulk theoretically predicted. c) Phase diagram of polyisoprene-
block-polystyrene (PI-PS) diblock copolymers in the bulk obtained experimentally. Figure 








Nevertheless, even if the polymers do not phase separate in the bulk a self-assembled 
structure can still form in dilute solution, as the phase separation is also dependent on the 
polymer-solvent interactions for solution assembly, which may be more thermodynamically 
unfavourable than polymer-polymer interactions.
53
 
These polymers are coined amphiphilic copolymers, here one block(s) of the chain is 
lyophilic and the other is lyophobic. When amphiphilic polymers are dispersed into selective 
solvent (or solvent mixture) the polymers spontaneously self-assemble in dilute solution into 
a range of structures on the nanoscale, similar to those structures by surfactant molecules in 
solution, with the most commonly formed structures being spherical micelles.
15,54,55
 The vast 
range of nanostructures formed at equilibrium is governed by the minimisation of free 
energy between the two blocks in solution and, between the core forming block and the 
surrounding solvent.
56,57
 Here this is typically dictated by the relative volume fractions (f), in 
a similar manner to bulk phase separation but the influence of solvent can alter these 
volumes further,
58-60
 and lyophobicity of each block and can be strongly related to the 
packing parameter which surfactant micelles abide by. 
The packing parameter of surfactant molecules as investigated by Tanford, Israelachvili, 
Mitchell and Ninham
61
 is a simple concept which allows the relationship between surfactant 
molecular structure (such as head group area, a0, tail length, lc and tail volume, v) and the 
particle morphology formed to be understood using a critical packing parameter, CPP, 







Figure 1.5. Schematic illustrating the relation of surfactant structure to the morphologies 




For example a spherical micelle will have a core volume related to its radius and aggregation 
number, g, using equation 1.2. The area of the sphere is then given by equation 1.3. 
Therefore by a combination of both equations 1.2 and 1.3 the radius, R, can be given as 
equation 1.4. Furthermore, it can then be understood that the core of the micelle is composed 
completely of surfactant tails which then indicates that the core radius cannot exceed the 
length of the surfactant tail. Leading to the first critical packing parameter of v/a0lc < 1/3 for 
spherical micelles. Understanding the other geometries e.g. cylinders and bilayers, the 
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  (1.3) 
   
  
  
  (1.4) 
Accordingly it can then be understood that for amphiphilic block copolymers the 
solvophobic block is a mimic of the surfactant tail and the solvophilic block is a mimic of the 
polar head group.
5,63
 Here controlling the polymer chain lengths, domains sizes in the 
structures such as bilayer thickness or cylindrical micelle width are controlled, in addition to 
the resulting morphology if the structures are under thermodynamic control.
64
 By controlling 
and targeting the correct volume fraction by polymerisation methods, specific morphologies 
can be easily targeted. Therefore not only can minority domains of the nanostructures be 
governed but also the larger morphology and hence a much richer range of nanostructure 
phases can be accessed in solution.  
Although synthetically targeting specific block lengths can be achieved through changes in 
polymerisation conditions, this can be synthetically taxing. However, a much simpler 
approach to obtain the desired volume fractions is to simply blend two diblock copolymers 
together, differing in volume fractions of the blocks, as such that the average volume 
fractions meets that of the desired volume fraction, f, for the specific morphology and / or 
polymer composition.
65-69
 Jain et al studied blends of poly(ethylene oxide)-block-
poly(butadiene) (PEO-b-PB) diblock copolymers in aqueous media. Here, different block 
lengths of PEO and PB were targeted by blending PEO-b-PB diblock copolymers, the degree 
of polymerisation for PEO was 46 or 170 and the degree of polymerisation for PB ranged 
from 42 to 478, and the resulting morphologies were examined by cryo-TEM. It was 
observed that by blending PEO-b-PB diblock copolymers together, differing in the block 
lengths, a range of intermediate morphologies between the two pure diblock systems could 







Although the assembly of polymers in the bulk has been extensively studied and is used to 
understand the structures formed by polymers in solution, the assembly to form polymeric 
nanostructures at equilibrium in solution are not as well understood, especially those with 
controlled functionality. Despite a huge variety in functional nanoparticles in solution found 
in the literature the reports of diblock copolymers at equilibrium in solution have largely 
been studied on block copolymers with limited functionality along the polymer chain e.g. 
poly(butadiene), poly(styrene) and poly(ethylene oxide) and have not been studied in great 
depth from polymers formed from RDRP techniques where a greater range of functionality is 
incorporated. From either a synthetic or blending viewpoint the next step in polymer control 
would therefore introduction of functionality into the structure and to have equilibrium 
particles with controlled functionality.  
1.3. Precise control over functionality location 
Although well-defined block copolymers can be produced from living polymerisation with 
very good length scale control in terms of chain length, these polymers and subsequently 
their self-assembled nanostructures typically lack functionality in the discrete domains. This 
lack of functionality is a result of the difficulty in having a polymerisation technique which 
can produce polymers of defined lengths, which is necessary to obtain morphology control, 
whilst tolerating functionality. 
A surplus of functional polymers exists but an interesting class of functional polymers are 
pH responsive polymers.
71
 These polymers can these exploited in two distinct ways, first pH 
responsive polymers can be exploited to scavenge acidic protons or hydroxide ions, for 
example amine based polymers are able to scavenge acidic protons in solution and 
consequently act as neutralising agents.
72,73
  The second is that the response to pH can alter 
the solvophobicity or volume fraction of the polymer block in solution. For example 
polymers formed using a 2-(diethylamino)ethyl methacrylate (DEAEMA) monomer have 





deprotonated state the DEAEMA is hydrophobic and once protonated is hydrophilic.
74,75
 In a 
similar manner polymers formed from a 2-(dimethylamino)ethyl methacrylate (DMAEMA) 
monomer do not show a change in from hydrophilic to hydrophobic upon changes in pH, 
DMAEMA is hydrophilic in all ionisable states when the polymer is below its lower critical 
solution temperature (LCST), but will  indeed become more hydrophilic and possess a larger 
volume fraction in the protonated state.
76,77
  
With respect to introducing functionality into morphologies it can be understood that, if 
polymer block A needs to be a specific volume fraction, fA, to target the desired morphology 
(Figure 1.4). Furthermore, a specific chain length must be achieved to then target a desired 
domain size range, a functional monomer can be polymerised to match this specification, or 
a polymer in solution can produce a response to stimuli which alters the polymer block to 
fulfil the volume fraction needs.
78,79
 Consequently a structure of precise morphology and size 
and with the desired functionality within phase seperated domains can be produced which 
could be exploited to give a desired macroscale property.  
For example Wang et al synthesised a range of poly(styrene)-block-poly(ethylene oxide) 
diblock copolymers which form a range of structures in solution dependant on the volume 
fractions of the PEO block.
80
 However PEO shows little response to stimuli under milder 
conditions (a lower critical solution temperature is observed at above 100 C and above 
atmospheric pressure) and consequently the structures are unresponsive to change in solution 
conditions. However, Yu et al studied poly(styrene)-block-poly(acrylic acid) diblock 
copolymers in water and it was observed that by changing the pH of the solution the 
structures could produce new nanostructures in solution.
60
 This was a consequence of 
changing the ionisation of the acrylic acid units which alters the effective volume fraction of 
the polymer block. Therefore by using polymerisation techniques to give a precise chain 
length the domain size could be controlled (for example core radius) in the micelle 





solution however, the added functionality allowed for an increase in the number phases 
observed for this PS-b-PAA diblock copolymer series. 
This functionality control is not just limited to homopolymer blocks; RAFT polymerisation 
can produce a range of functional copolymer blocks, formed of two or more different 
monomers, of low dispersity.
81-83
 The benefit of copolymer blocks is that they can be used to 
circumvent problems where a specific characteristic may be needed for a desired application, 
for example a targeted temperature or pH response, which could not be achieved from a 
polymer produce by a single monomer. Consequently by producing copolymer blocks a 
broader range of functionality and behaviour could be introduced into the self-assembled 
polymer structure.  
As a copolymer is composed of two or more monomers the distribution of these two 
monomers throughout the block can vary. Consequently copolymers are classified 
accordingly to how the monomers are distributed along the polymer chain. Broadly this is 
subdivided into five classes: 
 Alternating copolymers. Here the monomers are sequenced in an alternating fashion 
e.g. ABABABABAB. 
 Statistical copolymers. Here the monomers are sequentially distributed along the 
polymer chain according to the statistical laws e.g. BAABBAABA 
 Random copolymers. Here the monomers are distributed randomly as the probability 
of find a specific monomer at a given chain location is independent of the adjacent 
monomer. 
 Periodic copolymer. Here the monomers are distributed in a repeating sequence 
along the chain e.g. AAABBBAAABBB 
 Gradient copolymer. Here the monomers are distributed in a gradient fashion along 
the polymer chain. Where the A rich domains of the polymer chain will change to a 





 Block copolymer. Here the monomers are distributed in distinct blocks. Where one 
monomer will be completely consumed before the polymerisation of the second 
monomer e.g. AAAAABBBBB 
These copolymer microstructures are dependent on the reactivity ratio between the 
monomers of choice. Specifically this is the relation of how monomer A will polymerise in 
the presence of monomer B. For example if a growing polymer chain is capped with 
monomer A it can react in two ways a) continue to polymerise with monomer A b) 
alternative and polymerise with monomer B and vice versa if the polymer chain is capped 
with monomer B (Figure 1.6).  
 
 
Figure 1.6. Schematic of the different ways in which a growing polymer chain can react with 
a selection of two monomers in solution. 
 
The reactivity ratios, r, of these monomers are then dependent on the four rate constants that 
exist using the Mayo-Lewis equations (1.5 and 1.6). 
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  (1.6) 
The resulting r1 and r2 values will therefore predict which copolymer is produced. For r1 and 





copolymerisation does not occur.  However, for r1 and r2 > 1 then copolymerisation is still 
not favoured but cross polymerisation can occur to some degree. For a truly random 
copolymer r1= r2 ~ 1, here both monomers are just as likely to react with each other as they 
are with themselves. On the other hand if r1= r2 ~ 0 then each monomer has no tendency to 
react with itself and an alternating polymer is produced. The final instance is if one monomer 
has a reactivity ratio much higher than 1 and the second has a reactivity ratio much lower 
than 1. Here a gradient copolymer will be produced, one monomer is consumed very quickly 
and then slowly the second monomer begins to become incorporated once significant amount 
of the first monomer has been depleted.  
Copolymers are attractive from a self-assembly aspect as they are able to introduce variable 
degrees of functionality into neutral domains. It is understood that the Flory interaction 
parameter between two blocks (AB) and between the blocks and the solvent (AS and BS) 
can dictate the structures formed in solution; hence a novel method to change the structures 
would be to alter these Flory interaction parameters. A novel method to achieve this is to use 
copolymers as one of the blocks. Here it is predicted that the Flory interaction parameter 
could be altered relative to the copolymer composition.  
Very recently Bendejacq et al studied this prediction further with a copolymer block but with 
additional functionality which has the potential to give a higher level of control to the 
polymer structures. Both a poly(styrene) - block – poly(acrylic acid) copolymer and a 
poly(styrene - co - acrylic acid) - block – poly(acrylic acid) were studied in the bulk and 
solution.
49,53
 In the bulk it was concluded that introduction of acrylic acid units into the 
styrene block reduced the Flory-Huggins interaction parameter and if enough acrylic acid 
units are present in the styrene block then no bulk structure was observed. However, when 
these polymers were dispersed in aqueous solution by introducing functionality into the core 
forming block, micelles with a functional micelle core were produced. Moreover, Bendejacq 





the structure factor peak for poly(styrene) – block – poly(acrylic acid) diblock copolymer did 
not change morphology upon stimuli, in this case pH, (maintained its lamellar, L, 
morphology) but only became swollen due an increase of hydration upon ionisation of the 
acrylic acid units and its dimensions changed. Whereas the poly(styrene - co - acrylic acid) - 
block – poly(acrylic acid) diblock copolymer in solution produced a broader range of 
morphology phases, from lamellar, L, to molten lamellar, L’, to spheres, S, and molten 
spheres, S’, from an introduction of functionality into the core domain and therefore the core 
hydration, which could be controlled leading to morphology changes in ionisation of the 




Figure 1.7. Evolution of the structure period as a function of the overall ionisation for 
diblocks poly(styrene -co- acrylic acid ) - block – poly(acrylic acid), (S53A39)-b-A133 (◻) and 




In a similar system, the assembly of a poly(acrylic acid-co-styrene) - block – poly(acrylic 
acid) in solution was explored, however in this system the core forming block is a gradient 
between acrylic acid and styrene as opposed to a statistical distribution.
85





demonstrated using a combination of SANS and fluorescence studies of the polymers 
dispersed in solution that the poly(acrylic acid-co-styrene) - block - poly(acrylic acid) 
diblock copolymers assembled into spherical micelle aggregates analogous to those formed 
by a poly(styrene) - block - poly(acrylic acid) system. However, this system was able to 
reorganise and respond to stimuli as a consequence of the introduction of functionality into 
the micelle aggregates. Specifically a transition between unimer chains and assembled 
hierarchal micelle structures was observed by lowering the pH of the solution. Although on 
the nanoscale functionality can be introduced into morphology domains, which in turn will 
respond to a specific stimuli, there can be larger macroscale behaviours produced from 
specifically controlling the functionality in these nanoscale domains. For example 
Colombani and co-workers studied the rheology of poly(n-butyl acrylate-co-acrylic acid)-
block-poly(acrylic acid)-block- poly(n-butyl acrylate-co-acrylic acid), P(nBuA-co-AA)-b-
PAA-b-P(nBuA-co-AA), triblock copolymers  in aqueous media.86 Here the block lengths 
were kept constant, thus domain sizes were controlled in solution, but the composition of the 
associating core blocks were altered by copolymerisation. From rheological measurements it 
could be observed that the viscoelastic relaxation time for the system could be tuned over 
orders of magnitude by varying the composition of the associating block and consequently 
the core domain (Figure 1.8). Specifically when more acrylic acid units were incorporated 
into the n-butyl acrylate blocks the average viscoelastic relaxation time decreased, which 
was related to the dynamic nature of the associating core forming blocks. Through 
copolymerisation a range of systems which can act as either a viscoelastic fluid or hydrogel 
on the macroscale can be produced. Furthermore, the nanoscale structure is still controlled 
and maintained throughout, but the changes in solution behaviour arise from introduction of 






 Figure 1.8. Dependence of the average viscoelastic relaxation time for P(nBuA-co-AA)-b-




It is becoming more apparent that selective introduction of functionality to the core forming 
domains can offer an even larger range of morphologies with added functionality this class 
of copolymer diblock are relatively unexplored. 
 
1.4. Precise control of equilibrium behaviour 
The complication with amphiphilic block copolymer nanostructures in solution is that 
typically these polymers cannot reach thermodynamic equilibrium and therefore the 
structures formed are under kinetic control.
87-90
 This kinetic control means that the structures 
dictated by the packing parameter are often never reached and intermediate morphologies are 
formed, which is a consequence of the slow kinetics of polymer systems in comparison to 
surfactant analogues.  
Throughout the literature, polymeric structures are often characterised into two distinct 
groups with regards to their kinetics and equilibrium behaviour.
87
 The first are dynamic 
micelle structures, these micelles are able to overcome the kinetic constraints in the system 
and can reach thermodynamic equilibrium.
87,88,91





as out of equilibrium micelles, these micelles cannot overcome the kinetic restraints nor can 
they rearrange reversibly in solution and therefore very rarely reach thermodynamic 
equilibrium in solution.
87,92
 Nevertheless it should be noted that although by definition there 
is a clear distinction, experimentally it is much more difficult to accurately determine 




It is understood that there are two predominant mechanisms for the reorganisation of 
polymer micelles in solution, with regards to equilibration (Figure 1.9).
55,93,94
 The first is a 
constant exchange of polymer chains (unimers) between the micelles.
55
 This route has been 
concluded both experimentally and theoretically to be the most favourable mechanisms for 
equilibration in solution.
95
 Therefore, when the dynamics of the system are discussed it will 
predominantly be based on the assumption that unimer exchange is the only mechanism for 
the equilibration of micelle structures in solution. 
The second mechanism is through a fusion / fission mechanism, where polymer particles will 
physically collide and then rearrange by coalescence to produce a single new micelle or after 
collision may fissure to produce two new micelles. However, the energy barrier for this 
mechanism is extremely high and is therefore very unfavourable for this to occur.
94,96
 
Experimentally it was initially believed that these fusion events did occur during the 
equilibration of polymer micelles in solution.
97,98
 However, recent experimental results 
concluded that these fusion events were predominantly from incorrect fitting of the 
experimental data.
88,99
  Furthermore, simulations have also been conducted that again 
confirm that this fusion / fission mechanism is extremely unfavourable and will only happen 









Figure 1.9. Illustration of the two primary routes for equilibration in block copolymer 
structures in solution. a) Unimer exchange mechanism, here a single polymer chain escapes 
one micelle diffuses through solution and re-enters a different micelle. b) Two micelles 





The difference between the two systems is the ability of the micelles to reorganise in solution 
and exchange polymer chains between structures. The ability to do so is related to an array of 
factors but the predominant ones are glass transition temperature (Tg) of the core forming 
block, interfacial tension between the core and solvent, block length and steric hindrance of 
the polymer chains. All of these factors are dependent on the characteristics of the polymer 
chain, e.g. length and monomer(s) of choice. Therefore, although the understanding and 
absolute conformation of a frozen or dynamic structure is not well understood it can be 
suggested that a precise structure with controlled domain sizes and functionality under 





1.4.1.1. Influence of Tg 
Firstly is the glass transition temperature, Tg, of the micelle core. The Tg of the coronal 
blocks can be neglected as the polymer in these domains are heavily solvated. If the Tg of the 
core blocks of the micelle is above the experimental temperature then the micelle cores are 
glassy and it is obvious that no rearrangements or exchange of polymer chains can occur, 
leading to morphologies under kinetic control.
66
 Bendejacq et al studied poly(styrene)-block-
poly(acrylic acid), PS-b-PAA, diblock copolymers in water and showed that although 
lamellar morphologies could be found with a PS core domain on initial dispersion into water, 
the glassy PS core of the micelles prevents any structural reorganisation and relaxation of the 
surface curvature, thus preventing the formation of structures that abide by the packing 
parameter or that would reorganise upon stimuli from the ionic acrylic acid corona 
domain.
49,53,84
 However, once the samples were annealed at high temperatures the core 
became mobile and structural reorganisation could then occur, leading to structures under 
thermodynamic control.  
This effect of Tg on morphology was also demonstrated by Choi et al with poly(styrene)-
block-poly(ethylene-alt-propylene) diblock copolymers, PS-b-PEP.
101
 Here on initial 
dispersion in sqaulene, a selective solvent for the PEP block, metastable micelle structures 
were formed. Once these solutions were annealed at temperatures above the glass transition 
of the styrene core the structures could reorganise to form more homogenous structures as 
observed by small angle x-ray scattering (SAXS) and dynamic light scattering (DLS), this 
was concluded to be an effect of the high Tg of the styrene core forming block preventing the 
formation of structures with controlled morphologies and domain lengths. 
Nevertheless styrene is not the only monomer which can form frozen structures, Rager et al 
studied the dynamics of poly(acrylic acid)-block-poly(methyl methacrylate) PAA-b-PMMA 
diblock copolymers by non-radiative energy transfer (NRET).
102
 Rager et al showed that in 





heating there is a dramatic increase in the NRET response, a consequence of the exchange of 
chains between micelles due to an unlocking of a glassy core. 
1.4.1.2. Influence of Interfacial tension 
The second influence on the exchange dynamics of polymer micelles is the energy barrier for 
molecular exchange. This energy barrier is related to the interfacial tension,, between the 





 This energy barrier defined as E is typically given as equation 1.7 
     
 
      (1.7) 
It can therefore be understood that the effect Tg of the micelle core is independent of the 
energy barrier and even if the experimental temperature is above the Tg of the micelle core, 
unimer exchange may still be prohibited from a kinetic viewpoint. Colombani et al studied 
poly(acrylic acid)-block-poly(n-butyl acrylate), PAA-b-PnBuA, diblock copolymers in water 
and with a range of different solution conditions.
104,105
 Using a range of scattering methods 
and electron microscopy it was observed that these micelles did not change structure 
depending on solution conditions but only on assembly pathway. Hence it was concluded 
that the micelles were under kinetic control and were subsequently frozen in water from the 
high energy barrier for unimer exchange. This polymer system was also explored by Jacquin 
et al and with deuterium labelled small angle neutron scattering (SANS) no exchange of 
polymer chains was observed between micelles over a time scale of 6 months confirming the 
conclusion that indeed these polymers are frozen due to a high interfacial tension between 
the core and the solvent.
106
 
Another polymer with a low Tg core forming block, poly(ethylene oxide)-block-
poly(butadiene), PEO-b-PB, diblock copolymers were investigated by Won et al using 
deuterium labelled small angle neutron scattering.
107
 After 8 days no difference in the SANS 





were assembled. Furthermore when the SANS profile was compared to a sample that was 
mixed prior in the bulk and then dispersed, differences between the two profiles were noted 
(Figure 1.10).  The authors concluded that this discrepancy is from a lack of chain exchange 
and that the exchange of a single chain may be on the order of years owing to the poor 
compatibility between the PB core and solvent despite the liquid-like PB core domain. In a 
second report by Jain et al,
70
 different micelle structures formed by PEO-b-PB were mixed, 
therefore causing a disruption to the system, and the evolution of structural reorganisation 
(equilibration) was observed by cryogenic transmission electron microscopy (cryo-TEM). It 
could be observed that these PEO-b-PB polymers did not show any evolution of structure 
with time which was related to the strong interfacial tension between PB and the water.  
 
Figure 1.10.  SANS profiles of PEO-b-PB diblock copolymers in water: premixed (circles) 
and postmixed (triangles). The solid line represents and arithmetic mean of the SANS profile 




However, although these examples demonstrate that the high energy barrier creates frozen 





micelles. For example when poly(ethylene glycol)-block-poly(propylenesulfide)-block-
poly(ethylene glycol), PEG-b-PPS-b-PEG, block copolymers are compared to poly(ethylene 
glycol)-block-poly(propyleneoxide)-block-poly(ethylene glycol), PEO-b-PPO-b-PEO, the 
former were shown to produce cylindrical micelles in water which over time will rearrange 
to spherical micelles, where the latter formed spherical micelles when dispersed in water 
where.
108,109
 This behaviour is a consequence of the higher interfacial tension with PPS and 
thus slower dynamics are observed in this polymer system yet both systems are dynamic in 
nature. 
1.4.1.3. Influence of block length 
Another influence on the exchange dynamics is the length of the core forming block, as 
shown in equation 1.7 the energy barrier is related to both the interfacial tension and the 
block length of the core forming block.  
For example unimer exchange in micelles from poly(ethylene oxide)-block-poly(styrene) 
polymers, consisting of a polystyrene core domain were examined by Nonradiative energy 
transfer (NRET). Here for NRET analysis one set of polymer micelles had a NRET donor 
labelled chains and the second set of polymer micelles had a NRET acceptor labelled chains. 
Once mixed a strong NRET response can be observed and recorded if exchange of polymer 
chains occurs. For the poly(ethylene oxide)-block-poly(styrene) system it was shown that 
when the core forming block had a degree of polymerisation of 45 the chains are dynamic 
and NRET could be observed when the solution is heated to 60 C (Figure 1.11).98 However, 








Figure 1.11. Emission spectra of NRET labelled poly(ethylene oxide)-block-poly(styrene) 
diblock copolymers in water at 60 C after mixing donor and acceptor labelled micelle 
solutions when t = 0 hrs, t = 3 hrs, t = 29 hrs and t = 97 hrs. Excitation was at 290 nm, note 
the decrease in NRET donor emission at 340 nm and an increase in NRET acceptor emission 




NRET was also used to examine the exchange dynamics of poly(sodium methacrylate)-
block-poly((dimethylamino)ethyl methacrylate), PMANa-b-PDMAEMA diblock. Here two 
diblock copolymer systems were investigated, one had a PDMAEMA core block length of 
24 and the other 15 and the coronal forming blocks were similar. As observed by NRET 
experiments the micelles with the smaller PDMAEMA core forming block had much faster 
exchange dynamics and this was due to a reduction in the energy barrier for molecular 
exchange, therefore less energy is required for molecular exchange.
111
 
Furthermore Lu et al studied the equilibration on poly(styrene)-block-poly(ethylene-alt-
propylene) (PS-b-PEP) copolymers with different PS core block lengths by time resolved 
small angle neutron scattering (TR-SANS) with deuterium labelling. Here it was shown that 
for the polystyrene chains with a smaller degree of polymerisation, the exchange of chains 
was faster which can then again be related to the reduction in the energy barrier for unimer 







1.4.1.4.  Influence of sterics 
Steric interactions can play a role in the dynamics of self-assembled polymer systems. 
Although not many studies have been experimentally undertaken they do nonetheless 
conclude that the effects of steric influences can alter the dynamics. As mentioned 
previously Stam et al studied the effect of structure on chain dynamics between micelles 
formed from poly(sodium methacrylate)-block-poly((dimethylamino)ethyl methacrylate),  
diblock copolymers.
113
 By NRET analysis it was concluded that when the n-propyl groups 
on the amino monomer were replaced by isopropyl groups, therefore giving identical 
solvophobicity, the chain exchange slowed down. The authors concluded that this could be 
from an increase in steric interactions in the core produced from branching which causes a 
slower exchange rate to be observed.  
Although the dynamics of self-assembled polymer systems at equilibrium are not greatly 
understood in detail they still have a huge impact on the behaviours observed on the 
macroscale and will therefore change the applications in which these polymer micelles are 
used. For example, the delivery of a drug molecule can be achieved using responsive 
polymer micelles, which would require a precise length scale control for specific domain 
sizes and precise control over morphology. In addition the equilibrium behaviour of the 
system must be accounted for to ensure efficient drug delivery at the target area. 
 
1.5. Precise understanding of characterisation of solution 
morphologies 
Although a range of nanostructures can be obtained in solution the nanostructures can be 
very different from one another, in both behaviour and structure. As mentioned previously 
many polymer assemblies may form frozen structures and therefore both structure and 





self-assembled samples even if the same polymer was used.
6
 It should then be obvious that 
for applications using polymer assemblies that the nanostructures must be reproducible. 
Although many routine analytical techniques exist for the precise analysis of polymer chains 
e.g. 
1
H nuclear magnetic resonance spectroscopy (NMR), or size exclusion chromatography 
(SEC), these techniques may be limited in specific scenarios and even more so for block 
copolymers and block copolymer analogues. For example, SEC can be problematic if a good 
solvent for both blocks is unavailable; additionally it is often difficult to obtain composition 
distributions for multiblock copolymers. Although it is paramount to be able to determine the 
molecular characteristics of block copolymers, it could be argued that it is most beneficial to 
understand their in situ behaviours in solution, specifically for their self-assembled 
structures. Therefore techniques which can operate on a much larger length scale are to be 
sought after.   
1.5.1. Small angle scattering 
Scattering experiments offer a non-invasive method to characterise the structure (both 
morphology and domain sizes) and the dynamics of the particles (by offering an insight in 
how the change in the number of micelles or their specific aggregation numbers varies over 
time or to stimuli).
87
 Commonly light, x-rays and neutrons are used as radiation sources, 
although each will probe the structure differently and therefore give distinct information. 
However, the underlying physics between each technique is similar and can be understood 
together.
114
 Throughout this thesis light and x-ray scattering have been utilised and will be 
discussed further.  
The small angle scattering methods used throughout this thesis all predominately work on 
the basis of recording the elastic scattering of particles in solution within a given length 
scale. Typically a sample is placed in a sample cuvette and illuminated by a radiation source 
(in this thesis either light or x-rays are used) and the scattering emission, which is sample 
dependent, is recorded at a known angle by a detector (Figure 1.12).
115





which particles are analysed is dependent on the q range in which the illumination source can 
access (1.8), when the amplitude of the scattered wave vector ks is the same as the incident ki 
then the scattering wave vector, q, is defined as (1.9). This is dependent on the wavelength 
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Figure 1.12 Schematic illustration of a scattering experiment.  
 
1.5.1.1. Static light scattering (SLS) 
With static light scattering (SLS) the mass, size, and interactions between particles and 
solvent can be obtained. SLS works on the premise of measuring the change in coherent, 
elastic scattering. Typically in static light scattering the average intensity of scattered light 
over long periods of time (typically 1000 times longer than the relaxation time (τ) of the 
system) is measured (Figure 1.13).
115





averaged ensures that small fluctuations in scattered light from the dynamics of the system 
are lost and the average intensity of scattered light is therefore time-independent and thus 
structural information can therefore be gained. 
 
Figure 1.13 An example relationship between scattered light intensity, I, with time, t, and the 
average scatter intensity, <I>, over a much longer time period. 
 
The most common routine for light scattering analysis of polymers in dilute solution is to 
perform experiments within the Zimm regime and to use the Zimm equation to obtain 
structural information,
117
 Equation 1.10. Here the scattered radiation as a function of q
2
 at a 
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Where K is the contrast factor, which will account for the instrumental factors and the dn/dC 
of the sample given by (1.11)  
   
     
 











Where no = 1.496 is the refractive index of the reference liquid (toluene), dn/dC is the 
specific refractive index increment determined by differential refractometry and NA is 
Avogadro’s number.118 
R  is the Rayleigh ratio of the solutions measured using toluene as a reference according to 
(1.12).  
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          (1.12) 
Where Ii represents the intensity scattered by species i and Rtoluene is the Rayleigh ratio of the 
toluene reference. 
Linear regression of KC/R as a function of q
2
 when c tends to 0 will provide (Figure 1.14a) 
 The slope is equal to give Rg
2
/MW3 and the intercept is equal to 1/Mw 
Linear regression of KC/R as a function of c when q
2
 tends to 0 will provide (Figure 1.14b) 
 The slope is equal to give A2 and the intercept is equal to 1/Mw 
 
Figure 1.14. Example KC/R data plots from SLS. a) Example plot of KC/R vs q
2
.b) 
Example plot of KC/R vs concentration, c. Erros bars indicate a 10% error typically 








It should be noted that it is not possible to determine a value for Rg of less than 20 nm for 
light scattering a consequence of a lack of accuracy with respect to the scattered intensity; Rg 
is calculated using the slope of the KC/R vs q
2
 plot. The typical error for light scattering is 
10%,
105,115
 for example if a particle with a Rg of 17 nm is present the difference in intensity 
between 30 and 150  is 10%. Thus the slope of KC/R vs q
2 
will also give the same result 
as statistical error on the data and therefore for particles with an Rg of less than 20nm an 
average can be taken from all KC/R values when plotted as a function of q
2
. 
Although for simple monodisperse nanoparticles the routine Zimm analysis is relatively 
simple for polymer solutions be it self-assembled or soluble polymer chains, a few 
differences and considerations must be addressed. 
Firstly for the scattering of light to be related back to the concentration and shape or size of 
the isotropic particles, the particles must not either a) produce multiple scattering or absorb 
the light or b) modify the wavelength of light. Specifically for particles analysed by light 
scattering this is simply fulfilled by having a differential refractive index that is close to the 
solvent used, furthermore due to the nature of polymers typically the chains are penetrated 
by the solvent which helps to resolve these limitations. 
Moreover, although a suitable dn/dC will allow for light scattering analysis to be undertaken 
the concentration of the polymer must be high enough to ensure adequate scattering of the 
particles above the fluctuations in solvent density. Furthermore, for polymer self-assemblies 
it is understood that possibly at low enough concentrations the particles will change 
morphology, therefore the concentration of the particles must be high enough to ensure the 
correct particles of interest are analysed. Moreover, if the concentration of the particles in 
solution is too high then multiple scattering can occur within the solution and the scattering 






However, difficulties with respect the concentration can also arise from the size of the 
particles in solution, as the linear regression with respect to q
2
 in the Zimm regime is only 




 is <1.  
1.5.1.2. Dynamic light scattering (DLS) 
In the previous section it was concluded that the small changes in scattered light over short 
time periods can be related to changes in concentration and or density fluctuations in the q 
regime investigated. These fluctuation can be further understood by using a g2(t) correlator 
and producing an auto correlation function of the scattered light.  
The auto correlation function is the intensity of light at time t = 0, I0, multiplied by the 
intensity of light after a period of time It averaged over a much longer time point It (1.15a 
and Figure 1.15b) 
  ( )  
〈    〉
〈  〉 
  (1.13) 
 
 
Figure 1.14 Example correlation functions obtained by DLS. a) Example plot of g2(t) versus 






This g2(t) intensity autocorrelation can be related to the electric field autocorrelation function 
g1(t) using the Seigert relation (1.14), where  is a correction factor related to the alignment 
of the of the laser.
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  ( )  1 +   [  ( )]
  (1.14) 
In a model system of perfect spheres under Brownian motion g1(t) is a simple single 
exponential decay (1.15). 
  ( )     (   
  ) (1.15) 
Where the relaxation time of the system is related to the apparent diffusion coefficient, D, by 
(1.16) 
   
 
   
  (1.16) 
However, in polymer solutions the structures are often disperse, and therefore a perfect 
exponential in the autocorrelation function will not be observed. Then g1(t) will in fact be a 
weighted sum of exponential decays, which will be proportional to the mass of the particle, 
M, and the number of particles, N (1.17). 
  ( )  
∑      (     )
∑   
  (1.17) 
As a range of decay times exist a plot of g1(t) as a function of t on a log scale will yield a 
linear relation. However, it is more common to understand this decay as a range of relaxation 
times between two defined limits and therefore g1(t)  is given as (1.18). 
  ( )   ∫  ( ) exp( 
 








To date a Laplace transformation is commonly used to calculate the relaxation time 
distribution for a specific correlation plot.
120,121
  Computer routines exist that can extract the 
exact A()d which is the amplitude with a relaxation time in between τ and τ + dτ.115,116 
By measuring  over a range of q the absolute diffusion coefficient D0 can be obtained. Its 
concentration dependence is given by D = D0(1+kDC) where kD is the dynamic second virial 
coefficient and D0 the diffusion coefficient used for computing the hydrodynamic radius (Rh) 
of the scatterers according to the Stokes-Einstein equation (1.19).
20
  
   
  
     
  (1.19) 
With ɳ the solvent viscosity, k Boltzmann’s constant and T the absolute temperature. Values 
of Rh given in the following are then obtained after extrapolation to zero concentration.  
On the other hand as mentioned polymers are inherently disperse and  is typically then 
measured as an average (1.20).  
〈 〉   〈
 
   
〉 (1.20) 
It then follows that the Rh values obtained from DLS of polymer species are indeed z-
averages, <Rh>z. Therefore a size distribution can be obtained from DLS. It is understood 
that the scattering intensity of a sample is proportional to K, c and M as understood from 
SLS. Therefore it follows that for particle i the intensity is as follows (1.21).
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It can be understood that consequently the hydrodynamic radius is intensity weighted and 
follows (1.22). 
〈  〉   
∑      
∑   





It can be understood that c is N.M and therefore 1.22 is transformed into (1.23).   
〈  〉   
∑        
∑     
  
∑    
    
∑     
 (1.23) 
Where M is proportional to the hydrodynamic radius scaled with the mass fractal (df) of the 
scattering particles, Rh
df
 which in DLS are assumed to be hard spheres and is 3 which leads 
to (1.24).  
〈  〉   
∑      
 
∑       
  (1.24) 
1.5.1.3. Combination of DLS and SLS 
A second consideration with polymer particles is that in some cases, two modes of relaxation 
could be observed in solution (Figure 1.16).  
Figure 1.16 Example distribution of relaxation time obtained from DLS showing the two 






Therefore it can be understood that if both modes are diffusive in the solvent i.e. there is a 
linear relationship between <> and q2, R determined by SLS can be described as the sum of 
the two modes according to (1.25).
20
  
       +   s       (1.25) 
Where f and s stand respectively for fast and slow modes and using (1.26).  
   ( )   
  ( )
(  ( )   ( ))
              (1.26) 
Where Af and As are the relative amplitudes of the fast and slow modes obtained by DLS 
using equation 1.18.  
The slow mode of relaxation observed can sometimes be attributed to spurious aggregates 
and typically the weight fraction of these much larger particles is negligible.
119,123-125
 If the 
fast mode can be observed then its concentration in solution must be orders above that of the 
slower mode given that the intensity of scattered light is proportional to the mass of the 




One of the drawbacks to laser light scattering is the length scales over which structures can 
be probed, which is governed by the accessible q range. However, X-ray scattering provides 
information on much smaller length scales compared to laser light scattering, typically from 
0.1-100 nm as x-rays possess much smaller wavelengths and therefore a larger q range is 
accessible.
122
 In addition a second difference to x-ray scattering is the way in which the 
illumination source will interact with particles. In x-ray scattering the x-rays are scattering 
by the electrons within the electron cloud of the atoms and the scattering is proportional to 
the atomic number of the particles and hence the number of electrons in the electron cloud. 





solution is considered a cluster of atoms and therefore the scattering of x-rays by polymers 
causes additional scattering within the system, called excess scattering. This excess 
scattering arises as the particles have a change in electron density and therefore different 
scattering occurs from these with respect to the solvent. This excess scattering, in a similar 
manner to light scattering is considered elastic and therefore no transfer of energy from the 
x-ray to the electrons in the atom occurs and consequently the x-rays retain their wavelength 
thus producing coherent scattering which can be detected. Depending on the excess 
scattering pattern the structure of the particles can therefore be deduced as the scattering 
pattern produced can be used to understand the distance of atoms to one another and their 
orientation.
114
   
Specifically these scattering patterns from polymer species in dilute solution are a 
combination of the number of particles in the x-ray beam, the particle form factor and the 
structure factor. Therefore in a similar manner to light scattering the total intensity of the x-
rays scattered of isotropic systems is related to the contrast of the system (related to number 
of electrons), the structure factors, S(q), and the form factor, P(q), in the form (1.27).
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     ( )  ( )  (1.27) 
Where the contrast factor K for SAXS is defined by 1.28.
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] (1.28) 
Where zs is the number of electrons per solvent (s) molecule and zm is the number of 
electrons per monomer (m) with volume v. 
The particle form factors, P(q), are specific based on how the atoms are aligned within the 
particle morphology in solution, For example a spherical polymer structure will have a 





and hence a different form factor is observed.  However, often polymer particles are disperse 
and therefore the scattering form factor is an average of all particles in the x-ray beam.
116
  
On the other hand the structure factors, S(q), are specific based on how the particles are 
aligned in space, however, for samples in dilute solutions this is how samples interact 
together in solution.  
When a simple plot of intensity of scattered x-rays is against q
2
 is produced the shape of the 
plot can be related to the polymer structure in solution, an example plot of intensity versus q
2
 
is shown in Figure 1.17.  To date many computer models exist which can fit this scattering 
intensity at a given q value to the particle form factor and structure factor, thus giving a 




Figure 1.17 Example SAXS profile of poly(styrene)-block-poly(ethylene-alt-propylene) 







1.6.  Precise control for desired applications 
Currently block copolymers in solution have the potential to be used in a variety of large 
scale applications, furthermore as block copolymers are typically only a minor component of 
a much larger formulation, the processing procedure of diblock polymers in formulations are 
therefore only slightly different to the processing of the current polymeric materials in 
formulations.  Nevertheless it has been realised that the large variation of block copolymer 
morphologies and subsection domains produces an effective solution to an array of problems 
on both the nano and macro scale. For example within hydrocarbon lubricant formulations 
for automotive engines an array of components are utilised within the formulation to produce 
a desired behaviour.
128
  Polymeric dispersants, are designed to encapsulate insoluble matter 
in the non-polar hydrocarbon solvent.
129
 Specifically these dispersant molecules must be 
designed as to ensure specific domain functionality, size and morphology as to have a large 
affinity to the insoluble matter. Maintaining specific morphologies can keep other large scale 
properties unaffected e.g. solvent viscosity, which for lubricating formulations is vital. 
Similarly for solution self-assembly the use of functional diblock copolymers has been 
shown to produce spherical micelle nanoreactors, which not only shown an improved 
catalytic function compared to a polymer free system but can catalyse reaction in a media 
where the catalyst is not inherently soluble in.
130-133
 
1.7. Summary  
The theme of this introduction is to show that the control of macro scale properties is 
dependent on control on much smaller length scales for solution self-assembly of polymers. 
It can then be understood that for an improved performance of polymeric materials, delicate 
control on these smaller length scales is required.  
As stated, it is now conceivable that control on the smallest of polymer length scales, that the 
monomer size, can be easily obtained from the recent developments in synthetic chemistry. 





specifically controlling functional structures in solution at equilibrium with simple and 
accessible chemistries. 
In this thesis this subject is explored further and the ability to understand these larger length 
scales where polymer self-assembly occurs is understood. In Chapter 2 the smallest length 
scales are investigated, specifically introduction of functionality into block copolymer 
analogues and the development of the resulting self-assembled structures with defined 
functional domains for lubricant additives. These systems are then understood on larger 
length scales for applications as lubricant additives for marine engines and the effect of 
nanostructure is explored with respect to the larger macroscale properties in Chapter 3. 
Model diblock copolymer systems were explored and the ability to obtain precise controlled 
self-assembled structures with controlled functional domains from pH responsive diblock 
copolymers in water is discussed in Chapter 4. In Chapter 5 the ability to produce functional 
domains in a self-assembled diblock copolymer system is explored but using a blending 
approach with the aim to relieve laborious synthesis on the nanometer length scale. This 
blending approach is then explored for the next level in hierarchy, precise equilibrium 
controlled structures, and the ability to form precise equilibrium structures with defined 
domains from a blending route.  
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2. The design and synthesis of amine containing 




Modern combustion engines have a mineral oil based lubricant formulation added to 
improve both the lifespan and optimal performance. To neutralise the acid compounds 
formed during combustion detergent nanoparticles are added. However, these detergent 
particles will typically produce an array of oil insoluble products from the neutralisation 
causing a range of problems in the engine. An alternative is to use “ashless” detergents, 
formed from organic bases, which do not produce these insoluble by-products of 
neutralisation. In this Chapter a range of amine polymers have been synthesised by RAFT, 
the polymers were subsequently modified using a post polymerisation Michael addition to 
afford amphiphilic end group modified polymers. Their structural characterisation in non-
polar media has been explored by laser light scattering and indicates that these amphiphilic 












Since the development of the internal combustion engine lubricants have been used to ensure 
maximum efficiency of the engine and protect the moving parts in operation.  Lubricant 
formulations typically consists of an array of components, where each component is used to 
control a specific property within the system thus improving the lifespan and performance of 
the engine.
1,2
 Some of the most important lubricant formulation components are detergent 
nanoparticles, these consist of metal inorganic salts encased by surfactants to form a reverse 




Figure 2.1. Schematic of a typical metal based detergent nanoparticle -  structure shown is 




It is well documented that thermal combustion produces a range of by-products including 
both organic and inorganic acids, the most common of which is sulphuric acid, H2SO4. The 
primary role of these detergent nanoparticles is to provide an active base source that, upon 
contact with the acid products of combustion, a neutralisation reaction can occur and prevent 
damage to engine components.
4-6
 In the crankcase these acids can build up throughout the 
engine lifetime and can cause a large array of problems including accelerating rust 
formation, corrosion and deposit formation which causes significant drops in both engine 
lifespan and efficiency. Similarly in piston lubrication the formation of these ash substances 





Consequently this insoluble bulk material causes a misalignment of pistons with the cylinder 
walls and impaired function is a result. However, the introduction of detergent nanoparticles 
can alleviate these problems as they neutralise the inorganic and organic acids formed from 
combustion.  
Although metal salt detergents work well for acid neutralisation there are many associated 
problems with the current detergent systems. For example, the resultant neutralisation 
reaction produces large amounts of solid salt products (most commonly referred to as ash). 
The equation in Figure 2.2 illustrates some of the reactions occurring in the calcium salt core 
of conventional detergent nanoparticles. 
 
Figure 2.2. Common neutralisation reactions between calcium hydroxide and calcium 
carbonate with sulphuric acid in lubricant formulations. 
 
An additional problem for combustion engines is encountered by the additives in cylinder 
oils, here the lubricant is “burnt off” throughout operation and hence excess additive will 
form an additional deposit layer on the cylinder walls, lowering the engine lifespan further. 
Consequently the additive formulation for cylinder oils must be very well matched to the 
engine environment, specifically to the sulfur content in the fuel, in which it is used. A major 
challenge is to produce well-defined functional nanoparticles capable of acid neutralisation 
without the associated ash production for these highly specific cylinder oil formulations.  
 An alternative to inorganic overbased detergents are ashless nitrogen or oxygen-containing 
detergents,  these provide base for neutralisation, but the benefit of ashless detergents is that 







 Commonly these ashless detergents are based upon surfactant like 
molecules where the head group is a nitrogen containing species. Lubrizol have explored this 
further and identified that aromatic functionalities with an amine incorporated show the most 
potential for ashless detergents.
7
 Similarly, Infineum have explored the use of morpholine 
derivatives to acts as ashless base sources in lubricant formulations.
8
   
Despite the low ash content associated with these current ashless detergents there is also a 
low base content too, and thus larger concentrations, up to 25 wt%, of these additives are 
required to give similar performance to the overbased metal salt systems, which is costly 
from a consumer viewpoint.
7
 Therefore, the challenge in the development of ashless 
detergents is to increase the active base strength or stoichiometric amount of base. Moreover 
the current ashless detergent systems from Lubrizol and Infineum are primarily based upon 
solubilised small molecules. The formation of discrete nanostructures, to mimic the 
conventional detergent structure, has not yet been explored.
1
 Furthermore, these amines do 
not make up a large percentage in the overall composition and are typically primary or 
secondary amines which are of lower basicity. Thus, the exploitation of highly basic, tertiary 
amines polymers assembled into defined nanostructures and the investigation of their 
detergent properties are of interest towards the development of new high total base number 
(TBN) and ashless detergents.  
RAFT polymerisation can produce well-defined, amphiphilic, functional amine polymers 
which can then self-assemble into larger hierarchical structures in a selective solvent.
9-13
 
Moreover it is understood that a backbone of methacrylate based polymers shows excellent 
thermal and oil stability which offers benefits for a detergent nanoparticle with a long 
lifespan.
14
 Furthermore the ashless, tertiary amine functionality has been chosen to provide 
acid-scavenging ability a consequence of its nucleophilic nature. 
15
 Described in this Chapter 





and exploration of their properties towards their applications as ashless detergent analogues 
in non-polar solvents. 
2.3. Results and Discussion 
2.3.1. Synthesis of the tertiary amine monomers 
To explore how different chemistries can change the behaviour of basicity for novel polymer 
ashless detergents a range of tertiary amine moieties, both alkyl and aromatic were explored. 
These amine moieties were incorporated into methacrylate monomers and subsequently 
polymerised by RAFT; Scheme 2.1 depicts the selected amine moiety targets and monomers 
used. 
 







Dimethyl amine ethyl methacrylate (DMAEMA), Diethyl amine ethyl methacrylate 
(DEAEMA) and 2-N-morpholinoethyl methacrylate (MEMA) are all commercially available 
and were used as received. However, pyridinylethyl methacrylate (PEMA) was synthesised 
using a simple Steglich esterification; commercially available methacrylic acid was reacted 
with 4-pyridineethanol in the presence of 4-dimethylaminopyridine (DMAP) and 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDCI) with dichloromethane (CH2Cl2) as the solvent 




Scheme 2.2, Synthetic route for the PEMA monomer. 
 
After 24 h 
1
H nuclear magnetic resonance (NMR) spectroscopy was used to analyse the 
crude mixture, the resonance signal for the adjacent protons to the alcohol group (CH2OH) at 
ca. 3.5ppm shifted to ca. 4.2ppm, which are the signals for the protons in the methacrylate 
ester bond, indicating that the product has formed.  PEMA was isolated as a colourless oil by 
column chromatography in 65% yield, Figure 2.3 depicts the 
1







Figure 2.3 PEMA 
1
H NMR spectrum in CDCl3. 
2.3.2. Homopolymerisation by RAFT polymerisation. 
2.3.2.1. Synthesis of the chain transfer agent (CTA). 
To successfully polymerise the methacrylate monomers by RAFT a chain transfer agent 
(CTA) is used.
17
 Careful choice of the CTA is required to produce polymers of controlled 
lengths and low dispersity. Specifically the rate of monomer addition to the CTA needs to be 
high in relation to the rate of propagation, moreover a balance between the rates of 
reinitiation and fragmentation of the R group must be considered. 
18
 Furthermore for 
methacrylate polymerisation the Z group must have a high chain transfer to prevent 
unwanted termination and subsequently poor control with large dispersites.
19
 2-cyanoprop-2-
yl dithiobenzoate (CPDB) was therefore selected as it effectively fulfils these criteria for the 




2-cyanoprop-2-yl dithiobenzoate was synthesised by a simple three step reaction (Scheme 
2.3). First a bis(thiobenzoyl) disulphide was synthesised from benzyl chloride and 





azobisisobutyronitrile (AIBN) and ethyl acetate as the solvent under inert conditions.  2-
cyanoprop-2-yl dithiobenzoate was isolated as a red oil by column chromatography which 




H NMR spectroscopy 
and 
13
C NMR spectroscopy.  
 
 









H NMR spectrum of 2-cyanoprop-2-yl dithiobenzoate in CDCl3. 
 
2.3.2.2. Polymerisation of amine monomers 
In addition to varying the amine monomer in the ashless detergent the polymer chain length 
was also investigated as a means to alter the behaviour of the polymers as ashless detergents. 
Previously it has been suggested that for ashless detergents the molecular weight of the 
polymer can vastly affect the performance and the mechanical properties of the oil such as 
the viscosity.
22
 Therefore to overcome these problems low molecular weight polymers were 
initially targeted <5 kDa as these are believed to still show good neutralisation ability 
without changing the viscosity or flow properties of the oil significantly due to a 
significantly lower critical overlap concentration.
23
 Subsequently, much larger, 85 kDa 
polymers were also investigated to understand if much larger chains could provide a 





The RAFT homopolymerisations of the amine monomers was explored using 2-cyanoprop-
2-yl dithiobenzoate as the CTA and azobisisobutyronitrile (AIBN) as the initiator (Scheme 
2.4). The first targeted polymer series was the PDMAEMA series; herein targeted molecular 
weights of 1, 2 and 85 kDa were chosen.  
Scheme 2.4 General reaction for the polymerisation of the amine methacrylates by RAFT 
using CPDB as the CTA and AIBN as the radical initiator. 
  
Polymerisations of DMAEMA was conducted at 70 
o
C in 1,4-dioxane with AIBN as the 
radical initiator. After 8 hours, (18 h for the 85 kDa polymer) the polymerisation was 
quenched with liquid nitrogen, purified by dialysis against deionised water and the polymer 
was isolated by lyophilisation to give well defined PDMAEMA with molecular weights 





Figure 2.5 a) SEC refractive index chromatogram of 2.02 with DMF as the eluent and b) 
1
H 
NMR spectrum of 2.02 in CDCl3. 
 
These polymerisation conditions were then further explored for the other amine monomers, 
DEAEMA (2.04 - 2.06), MEMA (2.07 - 2.09) and PEMA (2.10 - 2.12). Similarly all 
resulting polymers after purification resulted in well-defined polymers with good end group 
fidelity as observed by 
1
H NMR spectroscopy from resonance signals from the RAFT end 



































2.01 1.0 2.1 1.10 
2.02 2.3 3.0 1.17 








2.04 1.2 2.1 1.08 
2.05 2.3 4.4 1.18 






2.07 1.1 1.8 1.10 
2.08 2.2 2.3 1.10 






2.10 1.2 2.3 1.10 
2.11 2.3 4.3 1.17 
2.12 85.0 87.2 1.20 
a
 Determined by end-group analysis from 
1
H NMR spectroscopy. 
b
 From SEC using DMF as 







2.3.3. Copolymerisation by RAFT. 
In addition to exploring the effect of amine and molecular weight on the performance of 
these ashless detergents, the microstructure of the polymer was also varied and its influence 
on ashless detergent behaviour could then be evaluated. To further explore the effect of the 
amine and structure on the performance of ashless detergents a range of amine containing 
copolymers were synthesised. It is hypothesised that by copolymerising the amine monomers 
with a non-reactive monomer the properties of the polymer can be altered and selectively 
tuned,
24-27
 which is highly attractive for lubricant additives as tailor-made additives can be 
produced which are specific to each environment or engine.  
The choice of comonomer is important as a monomer with a similar reactivity to the amine 
monomer required to favour statistical copolymerisation to give a random distribution of the 
two monomers along the polymer backbone, thus an equal distribution of amines throughout 
the chain.
15,28
 It has been shown previously that by altering the polymer structure via 
copolymerisation the behaviour of the functional monomer can be altered. Cotanda et al 
were able to show that the acid dissociation constant, pKa, of statistical DMAEMA 
copolymers can be altered depending on the ratio of methyl methacrylate (MMA) and 
DMAEMA in the copolymer. Therefore copolymers have the ability to offer polymers with 
tuneable behaviours dependent on composition. The methacrylate comonomer chosen was a 
non-activated lauryl methacrylate, LMA, it was shown previously that LMA has a similar 
reactivity to the amine monomers, thus favouring statistical copolymers thus favouring 
statistical copolymers despite a mild compositional drift towards to amine monomer.
29
 
Furthermore, LMA has a long dodecyl chain which makes this monomer very solvophilic to 
non-polar environments and therefore it is hypothesised that the incorporation of LMA could 
aid the solubilisation of the polymers within the oil. For these copolymer studies only the 
commercially available DMAEMA, DEAEMA and MEMA monomers were explored 





Scheme 2.5 General reaction for the copolymerisation of the amine methacrylates with LMA 
by RAFT using CPDB as the CTA and AIBN as the radical initiator. 
 
A range of copolymer incorporations were studied, ranging from 25 mol% - 75 mol% amine 
incorporation throughout the polymer. In a similar manner to the homopolymerisations the 
first targeted polymer series was a DMAEMA series, in these copolymer studies only one 
molecular weight was targeted, 2 kDa, and the amine content varied. Copolymerisation of 
DMAEMA with LMA was conducted at 70 
o
C in 1,4-dioxane with AIBN as the initiator, the 
polymerisation were quenched with liquid nitrogen and the polymer isolated by precipitation 
into cold methanol (MeOH). Well defined copolymers with good end group fidelity were 
obtained as observed by SEC and
 1
H NMR spectroscopy, data for a representative sample 







Figure 2.6 a) SEC chromatogram of 2.13 with CHCl3 as the eluent and b) 
1
H NMR spectrum 

















Table 2.2 Characterisation data of copolymers 2.13-2.21 


































2.13 0.25 0.29 0.75 0.71 2.6 3.5 1.20 
2.14 0.50 0.66 0.50 0.44 2.2 3.2 1.24 








2.16 0.25 0.33 0.75 0.67 2.0 3.1 1.28 
2.17 0.50 0.53 0.50 0.47 2.1 3.3 1.30 






2.19 0.25 0.26 0.75 0.74 2.9 3.2 1.22 
2.20 0.50 0.55 0.50 0.45 2.9 2.9 1.26 




H NMR spectroscopy using the signals at 4.20 ppm and 3.90 ppm.
b
 
Determined by end-group analysis from 
1
H NMR spectroscopy. 
c
 From SEC using based on 
poly(methyl methacrylate) standards in DMF. 
 
2.3.4. End group Modification of amine polymers 
To match the current metal salt detergents structurally these RAFT polymers (2.01-2.21) 
were then modified post polymerisation to produce an amphiphilic structure. It was proposed 
that these modified polymers could then self-assemble in the mineral oil and provide 
structures that resemble the current over-based detergents. The benefit of RAFT 





chemistries. Most notably is the exploitation of the thiocarbonate group of the CTA on the 
terminal of the polymer chains. A wide range of chemistries are available which allow for 
post polymerisation modification of the theiocarboante group. 
A simple Michael addition was explored as a post polymerisation reaction following 
reduction of the thiocarbonyl group. Spruell et al explored a range of Michael acceptors with 
RAFT polymers and demonstrated this reaction offers a simple and successful route to end 
group modified polymers.
30
  For this study a range of Michael acceptors were explored 
(Figure 2.7). These Michael acceptors were chosen as they all possess a long alkyl chain 
which was targeted to allow the polymers to spontaneously self-assembly when in the oil 
formulation.  
Figure 2.7. Michael acceptors explored for the end group modification of the amine 
polymers produced by RAFT. 
 
Although only 2.22 is commercially available, 2.23-2.26 were synthesised with a simple one 
step reaction. Using a similar strategy to that reported in the literature the Michael acceptors 





presence of triethyl amine in chloroform under inert conditions.
30
 For Michael acceptors 2.25 
and 2.26 a Steglich esterification route was undertaken using commercially available maleic 
acid which was reacted with the alkyl alcohol in the presence of 4-dimethylaminopyridine 
(DMAP) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) with dichloromethane 







NMR spectroscopy with yields varying between 54-79 %.  Figure 2.8 shows an example 
1
H 





H NMR spectrum of 2.24 in CDCl3. 
 
The post polymerisation Michael addition was carried out in one pot; using the chosen amine 
polymer, Michael acceptor, sodium borohydride (NaBH4) and tributyl phosphine (PBu3) in 





Scheme 2.6. General reaction for the post polymerisation modification of the amine 




 The end group modified polymers were then purified and isolated by precipitation and 
characterised by 
1
H NMR spectroscopy and SEC analysis. SEC chromatograms showed no 
polymer-polymer coupling, and 
1
H NMR spectra showed the disappearance of the RAFT end 
group as shown in Figure 2.9, for end group modified P(DMAEMA), 2.02eg, to afford well 
defined end group modified amine containing polymers. Although a range of Michael 
acceptors were synthesised and explored the cis-9-octadecene based Michael acceptor, 2.24, 
was the most readily synthesised to scale, and was most structurally similar to current 
detergent nanoparticles and thus was used for all further studies (see Table 2.3 for molecular 






Figure 2.9 a) SEC chromatogram of 2.02eg with DMF as the eluent and b)
 1
H NMR 
spectrum of 2.02eg in CDCl3. Insert shows region where proton signals for RAFT R end 















Table 2.3 Characterisation data of end group modified polymers 2.01eg - 2.12eg. 

















 2.01eg 1.2 2.1 1.10 
2.02eg 2.5 3.0 1.17 
2.03eg 85.0 87.1 1.24 
 2.13eg 2.6 3.5 1.20 
 2.14eg 2.2 3.2 1.24 







 2.04eg 1.4 2.1 1.08 
2.05eg 2.5 4.4 1.18 
2.06eg 86.0 88.3 1.26 
 2.16eg 2.0 3.1 1.28 
 2.17eg 2.1 3.3 1.30 






2.07eg 1.3 1.8 1.10 
2.08eg 2.4 2.3 1.10 
2.09eg 81.0 81.0 1.13 
 2.19eg 2.9 3.2 1.22 
 2.20eg 2.9 2.9 1.26 






2.10eg 1.4 2.3 1.10 
2.11eg 2.5 4.3 1.17 
2.12eg 85.0 87.2 1.20 
a
 Determined by end-group analysis from 
1
H NMR spectroscopy. 
b
 From SEC using based on 






2.4. Self-assembly of Amine polymers in non-polar solvent. 
Amphiphilic polymers can assemble in selective solvents and their nanoscale structures play 
a key role for their behaviour observed on the macroscale. Therefore given the amphiphilic 
nature of the end group modified polymers (2.01eg-2.21eg), they were investigated 
structurally when dispersed in a non-polar hydrocarbon solvent e.g. mineral oil. Initial 
experiments were conducted by direct dissolution of the polymers in mineral oil at a 
concentration of 0.5 g/L and at room temperature. After two days of stirring and sonication 
these solutions were clear to the naked eye (Figure 2.10), whereas the polymers with the 
RAFT end group do not soublise in the base oil, an example solution with 2.02 is shown in 
Figure 2.10c. Considering the amphiphilic nature of these polymers it was hypothesised that 
discrete reverse micelles had formed in the oil solvent, similar to those structures formed by 
metal salt detergents. To explore the assembly of these polymers in the oil further detailed 
model studies in n-hexane were undertaken.  
 
Figure 2.10. Initial dissolution studies of PDMAEMA polymers in mineral oil, a) Mineral oil 






The following results are split into two sections. In the first section the dissolution and 
assembly of the end group modified homopolymers (2.01eg-2.12eg) in non-polar solvent is 
studied. In the second, the dissolution of the end group modified amine copolymers (2.13eg-
2.21eg) in non-polar solvent is explored. 
2.4.1. Self-assembly of amine homopolymers in n-Hexane.  
Although the end group modified amine polymers were shown to solubilise in the mineral oil 
and believed to form discrete reverse micelle structures (Figure 2.11), often these initial 
structures are metastable and can be representative either of structures formed in the bulk, or 
kinetically trapped micelles.
31
 These metastable structures will often have a very different 
behaviour to their equilibrium analogues, therefore to deduce the influence of the structure 
and the amine on the detergent properties it must be ensured that all micelles are at the same 




Figure 2.11) Schematic depicting the end group modified polymers a) end group modified 
homopolymer b) end group modified copolymer, and c) the predicted self-assembled 





The topic of frozen and dynamic micelles was extensively covered in Chapter 1 and it was 
reported that a simple way to transform metastable or kinetically trapped micelles to micelles 
at equilibrium is by heating the polymer solution.
33
 Briefly this is a consequence of the 
thermal energy altering one or both of the following parameters; 1) an increase of 
temperature above the glass transition temperature (Tg) of the core block, this allows for core 
block mobility and even global rearrangements in the system. 2) An increase in temperature 
reduces the energetic barrier for molecular exchange allowing polymers to equilibrate. 
Therefore, all polymer solutions were prepared by direct dissolution of the end group 
modified amine polymer (2.01eg - 2.21eg) into n-hexane at 2 g/L and once the polymer was 
dispersed all polymer solutions were annealed at 50 C for 6 hours and then cooled to room 
temperature under ambient conditions prior to analysis.  
A structural study of the self-assembled polymers was undertaken using detailed laser light 
scattering (LLS) studies in n-hexane. Both static and dynamic light scattering measurements 
were carried out on solutions of end group modified homopolymers after the annealing cycle 
at 2 g/L and at 20°C (Table 2.4). Only one concentration was used in these light scattering 
studies hence all values reported are apparent, as the influence of particle-particle 
interactions may be present.  
An examination of the results from dynamic light scattering (DLS) reported a particle size in 
solution much larger than that of a unimer chain in solution. All polymers produced a 
hydrodynamic radius larger than 4.5 nm thus indicating that indeed these polymers did 
assemble into larger structures in the mineral oil. Moreover, an increased size in the 
hydrodynamic radius (Rh) was observed as the length of the amine block was increased. 
Since the solvophilic group is identical for all the systems, the increase in size can only 
weakly be attributed to the difference in the behaviour of the corona. However, as well 
documented, the hydrodynamic radius (Rh) is the sum of both the corona radius (Rcorona) and 





length, Rcore > Rcorona  it can be predicted that the self-assembled micelles formed are crew-cut 
micelles.
34
 It is known that for crew-cut micelles the Rcore is proportional to Ncore
2/3
 and thus, 
an increased block length will increase the core size, leading to a higher Rh value, which was 
the observed behaviour for these end group modified homopolymers.
35
 Moreover, analysis of 
the distribution of relaxation times from DLS reveals a single mode of relaxation (Figure 
2.12), which indicates that all polymers molecularly disperse to form defined nanostructures 
once annealed and no large bulk structures remain in solution. 
 
Figure 2.12. Distribution of relaxation times from DLS for 2.02eg in n-hexane at 2 g/L at 
20°C,  = 130. 
 
Next the results from static light scattering (SLS) are explored. From DLS studies it was 
observed that a particle size larger than a molecularly dispersed unimer chain was found in 
solution, which indicated self-assembly of the polymer chains. The SLS results confirm this 
result indicating self-assembly as all aggregation numbers reported (Nagg) were larger than 
14, indicating that the species found in solution are composed of multiple polymer chains, 
this SLS analysis strongly supports the conclusion that reverse crew cut micelles are formed 





that as the amine block length increased the aggregation number (Nagg) increased (Table 2.4) 
in a similar trend to the relation of amine block length and Rh.  
 
Table 2.4 Light scattering data of polymers 2.01eg - 2.12eg 
 





























 2.01eg 4.5 16 1.8 80 5.5 
2.02eg 6.0 29 2.8 348 6.0 







 2.04eg 4.5 14 1.7 70 5.5 
2.05eg 5.0 32 2.9 384 6.0 






2.07eg 5.0 24 2.0 120 5.5 
2.08eg 6.0 40 3.1 440 5.5 






2.10eg 5.0 20 1.9 100 5.5 
2.11eg 6.0 38 3.0 380 5.0 
2.12eg 38.0 350 22.5 159250 4.0 
a
 Determined from DLS analysis at 2 g/L. 
b
 Determined from SLS analysis at 2 g/L.               
c 
Determined using equation 2.1. 
d
 Determined using degree of polymerisation  Nagg.            
e
 Determined using equation 2.2. 
 
This can be understood in terms of enthalpic interactions between the amine repeat units and 
the non-polar solvent molecules.
36
 The contact of solvent molecules with the amine repeat 





minimise said interactions, this is achieved by an increase in the aggregation number of the 
polymer micelles. The increase in aggregation means a smaller surface area for unfavourable 
interactions at the core-corona interface, therefore minimising the solvent-amine interactions. 
Theoretical models were also used to extend the understanding of the core behaviour. Using 
equation 2.1 the core radius (Rc) can be calculated, where p is the micelle core density and Na 
is Avogadro’s constant.37 
     
 
 
      
                   
  
     (2.1) 
Theoretically, as the core block length increases an increase in the core block radius is 
expected. However, although the data in Table 2.4 illustrate this phenomenon, if the length 
of the end group is accounted for within the core size then the micelle size theoretically 
expected is much smaller than that experimentally observed from DLS. Additionally, it is 
important to note that equation 2.1 used to calculate Rc assumes a completely dehydrated 
core which is not often the case for polymeric micelles.
35,38
 However, the amine monomers 
used in this Chapter are soluble in non-polar solvents and the amine polymers have short 
block lengths, therefore the thermodynamic incompatibility between the amine and the 
solvent is possibly not large enough to prevent solvent penetration into the core. Thus, it can 
be postulated that for these amine micelles some solvent molecules can reside in the micelle 
core causing larger core sizes than theoretically predicted. Furthermore, this penetration of 
solvent indicates that the cores may be dynamic; the solvent helps to increase the mobility of 
the core and thermodynamic equilibrium could be reached with these micelles. 
As the amine polymer chain constitutes the core of the polymer micelle, an estimated 
concentration of base per particle can be calculated using equation 2.2. In Table 2.4 it can be 
observed that despite the change in amine monomer or block length the local concentration 
of base per micelle is similar between all systems studied. Therefore it could be suggested 





concentration the amine units are similar. For these end group modified amine 
homopolymers it can be concluded from laser light scattering that a range of structurally 
similar micelles are formed in solution despite the differences of amine monomer.  
 
[ 𝑚𝑖𝑛  𝐵 𝑠 ]   
      
        
      (2.2) 
2.4.2. Self-assembly of amine copolymers in n-Hexane.  
Although experimentally it has been shown that introduction of solvophilic units into the 
solvophobic block can prevent any ordered bulk structures being formed the amine 
copolymers still underwent the same annealing cycle at 50 C for 6 hours prior to analysis.38 
Moreover, recently the assembly of polymers where the associating block is a copolymer 
block has been shown to alter both the structure and assembly of the polymers in solution. 
Therefore, to understand how the microstructure of the polymer chain changes the structures 
and consequently the ashless detergent behaviour, detailed laser light scattering studies 
(LLS) were undertaken. 
DLS studies were undertaken at 20 C in n-hexane. Here the difference between the amine 
polymers studied is the difference in the composition of the core forming polymer block; 
where the compositions ranges from 25 mol% to 75 mol% amine and where the comonomer 
is lauryl methacrylate (LMA). However, unlike the homopolymer systems the hydrodynamic 
radius between systems remains constant but is nevertheless much larger than a value for a 
dispersed unimer chain in solution (Table 2.5 and Figure 2.13). DLS results here show that 
when the amine incorporation is varied the hydrodynamic radius of the micelles of the 
polymer micelles does not vary significantly. As mentioned previously the hydrodynamic 
radius of the micelles scales with block length, which for these copolymers remains constant, 






Figure 2.13. Relationship between % amine incorporation and the hydrodynamic radius, Rh, 
of the polymers 2.13eg - 2.21eg in n-hexane. Error bars indicate 10% error in Rh. 
 
Additionally from the distributions of relaxation times from DLS similar profiles are 
observed for all systems, data for an example DMAEMA-co-LMA series (2.13 eg -2.15 eg) 
is shown in Figure 2.14. When these copolymer distributions are compared to the 
homopolymer systems the dispersity of the copolymers are much smaller which indicates a 
more heterogeneous solution of micelles and thus these micelles may also be at equilibrium. 
 





However, although little change in micelle size was observed this does not conclusively 
demonstrate that the micelles are similar in morphology or shape, SLS analysis was used to 
understand the nanostructures further. Firstly SLS was used to confirm that the particles 
observed in DLS were indeed a self-assembled particle formed from multiple polymer 
chains. From SLS analysis, (Table 2.5), it can be observed that the aggregation numbers are 
all greater than 21 which confirms the prediction from DLS that these polymer assemble into 
larger defined structures on the nanoscale. However, in contrast to DLS the SLS shows that 
between micelle aggregates the Nagg value does differ whilst Rh value remains similar, 
specifically as the amine incorporation increases the aggregation number increases. In a 
similar manner to section 2.3.4.1 the effect increased aggregation number is to reduce the 
unfavourable interactions between the increasing amine content in the core and the solvent.  
For self-assembled systems Equation 2.1 can be used to understand the core sizes, assuming 
that a spherical micelle structure is formed and was therefore used to analyse these self-
assembled diblock copolymers in solution.  Here an increase in the size of the cores was 
observed when the amine incorporation is increased. Nevertheless understanding that Rtotal = 
Rcore + Rcorona the core size (as predicted by equation 2.2) is too small to match the Rtotal 
values expected and similarly the Rh values observed, therefore it is predicted that these 
micelles are indeed solvent swollen, in a similar manner to the end group modified 
homopolymers. This is also explained by the presence of LMA in the micelle cores which 
causes a reduction in the solvent selectivity with respect to the polymer micelle core, which 








Table 2.5 Light scattering data of polymers 2.13eg - 2.21eg 
 
a
 Determined from DLS analysis at 2 g/L. 
b
 Determined from SLS analysis at 2 g/L. 
c 
Determined using equation 2.1. 
d
 Determined using degree of polymerisation  Nagg. 
e
 
Determined using equation 2.2. 
 
Furthermore, the local concentration of the amines was calculated using equation 2.2 in a 
similar manner to the end group modified homopolymers. Table 2.5 shows the local 
concentration of base in relation to the self-assembled structures. Here it can be observed 
that as the composition of the polymer changes the local concentration of amine units also 
changes, specifically as the amine incorporation is reduced the local concentration also 
decreases.  
Interestingly these LLS results suggest that the both the end group modified amine 
homopolymers and copolymers self-assemble into small well-defined structures on the 


































2.13eg 12.0 51 3.90 612 5.0 
2.14eg 10.5 35 3.40 210 3.0 













2.16eg 12.5 45 3.50 405 3.8 
2.17eg 9.2 40 3.20 240 3.0 










2.19eg 12.0 48 3.70 528 4.0 
2.20eg 11.2 34 3.30 238 2.6 





nanoscale. Moreover, literature reports indicate that for metal salt detergent nanoparticles the 
sizes are approximately 2-7 nm for the detergent core and therefore these ashless polymeric 
particles shown good potential as structural analogues.  
2.5. Conclusions 
Novel ashless detergent structures have been produced from a series of polymeric amines. A 
range of well-defined amine polymers have been synthesised by RAFT polymerisation with 
varying degrees of polymerisation. In addition, a range of amine copolymers were also 
synthesised by RAFT with a non-responsive monomer lauryl methacrylate as the 
comonomer in varying amounts. These amine polymers and copolymers were then 
subsequently transformed using a simple post-polymerisation Michael addition at room 
temperature through conversion of the RAFT end group. In non-polar solvents the modified 
amine polymers spontaneously assemble into defined reverse micelle structures, where the 
amines aggregate to form the core domain. A combination of dynamic and static light 
scattering indicate these polymer micelles can be considered structural analogues of the 
current metal based detergents. The local concentration and type of ashless base has been 
varied between systems, to provide a universal template for a range of ashless detergents 
applicable in many different environments. These structures will be further explored in the 












Monomers were filtered through a plug of silica prior to use and stored at 4 °C in the dark. 
AIBN (2,2'-azo-bis(isobutyronitrile)) was recrystallised from methanol and stored in the dark 
at 4 °C. The mineral oil (SN150) was used as received from BP Technology Centre in 
Pangbourne. All other materials were used as received from Aldrich, Fluka, and Acros. Dry 
solvents were used directly from a drying and degassing solvent tower delivery system. 
2.6.2. Synthesis 
2.6.2.1. Synthesis of 2-cyanoprop-2-yl dithiobenzoate (CPDB) 
Benzyl chloride (1 eq.) was added drop wise to a solution of elemental sulfur (2 eq.), 30% 
sodium methoxide in methanol (2 eq.) and methanol (1:1 volume to sodium methoxide 
solution). Once all the benzyl chloride was added the solution was heated at reflux for 24 h. 
The reaction solution was subsequently cooled in an ice bath and the solution was filtered 
and the methanol was removed under reduced pressure. The brown solid was dissolved in 
deionised water (1:1 volume of methanol used) and washed three times with diethyl ether.  A 
final addition of diethyl ether was added and the solution was acidified with 32% HCl until 
the top layer was a deep purple. The ether layer was then extracted three times with sodium 
hydroxide (NaOH 1M) to give a deep purple aqueous solution of sodium dithiobenzoate.  
The dithiobenzoate solution was added drop wise to a stirring aqueous solution of potassium 
ferricyanide (1.5 eq.). The red precipitate is filtered and washed with deionised water until 
the washings were clear. The solid was dried under vacuum at room temperature overnight to 
give bis(thiobenzyl) disulfide.  
A solution of AIBN (1.5 eq.) and bis(thiobenzyl) disulphide (1 eq.) in ethyl acetate (10:1 to 





in an ice bath. The ethyl acetate was removed in vacuo and the crude product was purified 
via column chromatography using petroleum ether to give 2-cyanoprop-2-yl dithiobenzoate 
as a red oil which crystallised upon standing (26 % yield).
 1
H NMR (400 MHz, CDCl3): δ 
(ppm) 7.85 (d, 
3
JH-H = 8.1 Hz, 2H, Meta-ArH), 7.55 (t, 
3
JH-H = 7.4 Hz, 1H Para-ArH), 7.40 (t, 
3
JH-H = 8.1 Hz, 2H, Ortho-ArH), 1.95 (s, 6H, S(CH3)2).
 13
C NMR (400 MHz, CDCl3) δ (ppm) 




2.6.2.2. Synthesis of pyridine ethyl methacrylate (PEMA) 
4-(2-hydroxyethyl) pyridine (1 eq.) was stirred in dichloromethane (5:1 volume to pyridine) 
at 0 C, under nitrogen. N-(3-dimethyl-aminopropyl)-N-ethylcarbodiimide hydrochloride 
(EDCI) (1.25 eq.) and 4-(dimethyl amino) pyridine (DMAP) (0.25 eq.) was then added and 
the reaction mixture stirred for 1 hour. Methacrylic acid (2 eq.) was then added and the 
reaction mixture was stirred at room temperature for 2 days. EDCI (1.25 eq.) and DMAP 
(0.25 eq.) were then added to drive the reaction to completion and the reaction mixtures 
stirred for a further 3 days. The reaction mixture was washed three times with a saturated 
brine solution, dried over magnesium sulfate and filtered. The organic solution was removed 
in vacuo and the crude product was purified via column chromatography using ethyl acetate 
to give PEMA as a colourless oil (65 % yield). 
 1
H NMR (400 MHz, CDCl3): δ (ppm) 8.50 
(dd, 2H, meta-ArH), 7.10 (dd, 2H, ortho-ArH), 6.10 (t, 1H, CH3CH=CH), 5.50 (t, 
3
JH-H = 6.7 
Hz 1H, CH3CH=CH), 4.40 (t, 
3
JH-H = 6.6 Hz 2H, OCH2CH2), 3.00 (t,
 3
JH-H = 6.5 Hz 2H, 
OCH2CH2), 1.90 (s, 3H,CH3CH=CH).  
13
C NMR (400 MHz, CDCl3) δ (ppm) 165.4, 136.5, 
124.0, 62.5, 33.5, 14.3. m/z [ES MS] calculated 192.09 found 214.08 [M+Na]
+
 
2.6.2.3. Synthesis of 2.23 
Oleyl alcohol (1 eq.) with triethylamine (1.2 eq.) was stirred in chloroform (8:1 volume to 
alcohol). A solution of acryloyl chloride (1.2 eq.) in chloroform (2:1 volume to chloride) was 
added dropwise at 0 






h the solution was washed four times with aqueous NaOH 1M, dried over magnesium sulfate 
and the solvent removed at reduced pressure to give 2.23 as a pale yellow oil (79 % yield).
 
1
H NMR (400 MHz, CDCl3): δ (ppm) 6.4 (dd, 1H, CHCH=CH), 6.20 (m, 1H, CHCH=CH), 
5.7 (dd, 1H, CHCH=CH), 5.35 (t,
 3
JH-H = 6.5 Hz 2H, CH=CH), 4.20 (t,
 3
JH-H = 6.7 Hz 2H, 
OCH2CH2), 2.10-1.90 (t,
 3
JH-H =  6.5, t, 2H, CH2), 1.50 (m, 2H, OCH2CH2), 1.40-1.20 (m, 
24H, CH2) 0.85 (t, 
3
JH-H = 6.9 Hz, 3H, CH3). 
13
C NMR (400 MHz, CDCl3) δ (ppm) 162.9, 
131.5, 129.0, 62.5, 35.0, 32.5, 30.0, 26.8, 29.6, 26.0, 22.5, 14.6. m/z [ES MS] calculated 
323.2916 found 323.2904 [M+H]
+
 
2.6.2.4. Synthesis of 2.24 
Docosanol (1 eq.) with triethylamine (1.2 eq.) was stirred in chloroform (8:1 volume to 
alcohol). A solution of acryloyl chloride (1.2 eq.) in chloroform (2:1 volume to chloride) was 
added dropwise at 0 

C under inert atmosphere. After 24 h the solution was washed four 
times with aqueous NaOH 1M dried over magnesium sulfate and then removed the solvent at 
reduced pressure to give 2.24 as a white solid (67 % yield).
 1
H NMR (400 MHz, CDCl3): δ 
(ppm) 6.4 (dd, 1H, CHCH=CH), 6.20 (m, 1H, CHCH=CH), 5.7 (dd, 1H, CHCH=CH), 4.20 
(t,
 3
JH-H = 6.7 Hz, 2H, OCH2CH2), 1.50 (m, 2H, OCH2CH2), 1.40-1.20 (m, 40H, CH2) 0.85 (t, 
3
JH-H = 6.9 Hz, 3H, CH3). 
13
C NMR (400 MHz, CDCl3) δ (ppm) 165.0, 132.0, 129.0, 64.0, 




2.6.2.5. Synthesis of 2.25 
Oleyl Alcohol (3 eq.) was stirred in dichloromethane (4:1 volume to alcohol) at 0 C. N-(3-
dimethyl-aminopropyl)-N-ethylcarbodiimide hydrochloride (EDCI) (1.25 eqv) and 4-
(dimethyl amino) pyridine (DMAP) (0.25 eq.) were then added and the reaction mixture 
stirred for 30 mins. Maleic acid (1 eq.) was then added and the reaction mixture was stirred 
at room temperature for 2 days. EDCI (1.25 eq.) and DMAP (0.25 eq.) were then added to 





reaction mixture was washed three times with a saturated brine solution, dried over 
magnesium sulphate and filtered. The organic solution was removed in vacuo and the crude 
product was purified via column chromatography using petroleum ether: ethyl acetate 9:1 to 
give 2,25 as a pale yellow oil (Yield 64%). 
1
H NMR (400 MHz, CDCl3): δ (ppm) 6.35 (s, 
2H, CH=CH), 5.35 (t,
 3
JH-H = 6.5 Hz 4H, CH=CH), 4.20 (t,
 3
JH-H = 6.7 Hz, 2H, OCH2CH2), 
2.10-1.90 (t, 4H, CH2), 1.50 (m, 4H, OCH2CH2), 1.40-1.20 (m, 48H, CH2) 0.85 (t,
 3
JH-H = 6.9 
Hz, 6H, CH3). 
13
C NMR (400 MHz, CDCl3) δ (ppm) 165.0, 164.0 132.0, 129.0, 64.0, 35.0, 




2.6.2.6. Synthesis of 2.26 
1-Docosanol (3 eq.) was stirred in dichloromethane (4:1 volume to alcohol) at 0 C. N-(3-
dimethyl-aminopropyl)-N-ethylcarbodiimide hydrochloride (EDCI) (1.25 eq.) and 4-
(dimethyl amino) pyridine (DMAP) (0.25 eq.) were then added and the reaction mixture 
stirred for 30 mins. Maleic acid (1 eq.) was then added and the reaction mixture was stirred 
at room temperature for 2 days. EDCI (1.25 eq.) and DMAP (0.25 eq.) were then added to 
drive the reaction to completion and the reaction mixtures stirred for a further 2 days. The 
reaction mixture was washed three times with a saturated brine solution, dried over 
magnesium sulphate and filtered. The organic solution was removed in vacuo and the crude 
product was purified by recrystallisation from methanol to give 2.26 as a white powder 
(yield 54%).
 1
H NMR (400 MHz, CDCl3): δ (ppm) 6.35 (s, 2H, CH=CH), 4.20 (t, 
3
JH-H = 6.7 
Hz, 2H, OCH2CH2), 1.50 (m, 2H, OCH2CH2), 1.40-1.20 (m, 40H, CH2) 0.85 (t,
 3
JH-H = 6.9 
Hz, 3H, CH3). 
13
C NMR (400 MHz, CDCl3) δ (ppm) 166.0, 162.9, 131.5, 129.0, 62.5, 35.0, 








2.6.2.7. General procedure for RAFT homopolymerisation 
A solution of the amine monomer, AIBN and 2-cyano-2-propyl dithiobenzoate (CPDB) in 
1,4-dioxane (1:1 volume to monomer) was added to a dry ampoule containing a stirrer bar. 
The solution was degassed using at least 3 freeze-pump-thaw cycles, back filled with 
nitrogen, sealed and placed in a pre-heated oil bath at 70 °C. After an allotted time the 
polymerisation was quenched by liquid nitrogen, 1,4-dioxane removed in vacuo and the 
resultant polymer dissolved with H2O. The solution was transferred to a dialysis membrane 
tube with the appropriate molecular weight cut-off (MWCO 1 kDa) and dialysed against 
18.2 MΩ.cm water (1.5 L) with 3 water changes. Lyophilisation resulted in a pink solid. (see 
Table 2.1 for molecular weight data).  
PDMAEMA, 2.01 - 2.03,
 δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 7.85 (d, 
3
JH-H = 8.1 
Hz, 1H Ar end group), 7.55 (t, 
3
JH-H = 7.4 Hz, 2H Ar end group), 7.41 (t, 
3
JH-H = 8.1 Hz, 2H 
Ar end group), 4.20 (br t, 2H, OCH2CH2N), 2.50 (br s, 2H, OCH2CH2N), 2.10 (br s, 6H, 
OCH2CH2N(CH3)2), 1.94 (s, 6H, end group) , 1.00-2.00 (br m, backbone) 
PDEAEMA,
  
2.04 - 2.06, δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 7.85 (d, 
3
JH-H = 8.1 
Hz, 1H Ar end group), 7.55 (t, 
3
JH-H = 7.4 Hz, 2H Ar end group), 7.41 (t, 
3
JH-H = 8.1 Hz, 2H 
Ar end group), 4.20 (br t, 2H, OCH2CH2N), 2.50 (br s, 2H, OCH2CH2N), 2.30 (br t, 4H, 
OCH2CH2N(CH2)2(CH3)2), 1.94 (s, 6H, end group), 1.10 (br t, 6H, 
OCH2CH2N(CH2)2(CH3)2), 1.00-2.00 (br m, backbone)
 
PMEMA, 2.07 - 2.09, δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 7.85 (d, 
3
JH-H = 8.1 Hz, 
1H Ar end group), 7.55 (t, 
3
JH-H = 7.4 Hz, 2H Ar end group), 7.41 (t, 
3
JH-H = 8.1 Hz, 2H Ar 
end group), 4.20 (br t, 2H, OCH2CH2N), 3.70 (br t, 4H, OCH2CH2N(CH2)2(CH2)2) 2.50 (br s, 
2H, OCH2CH2N), 2.40 (br t, 4H, OCH2CH2N(CH2)2(CH3)2), 1.94 (s, 6H, end group), 1.10 





PPEMA, 2.10 - 2.12, δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 8.40 (br t, 4H, 
OCH2CH2 (CH2)2(CH3)2 N), 7.85 (d, 
3
JH-H = 8.1 Hz, 1H Ar end group), 7.55 (t, 
3
JH-H = 7.4 
Hz, 2H Ar end group), 7.41 (t, 
3
JH-H = 8.1 Hz, 2H Ar end group), 6.90 (br t, 4H, OCH2CH2 
(CH2)2(CH3)2 N), 4.20 (br t, 2H, OCH2CH2N), 3.70 (br t, 4H, OCH2CH2N(CH2)2(CH2)2), 
1.94 (s, 6H, end group), 1.70 (br t, 2H, end group), 1.10 (br t, 6H, OCH2CH2N(CH2)2(CH3)2), 
1.00-2.00 (br m, backbone) 
 
Table 2.6. Reaction conditions for the RAFT homopolymerisations 
 














 2.01 5 0.2 1 8 
2.02 12 0.2 1 8 







 2.04 5 0.2 1 8 
2.05 12 0.2 1 8 






2.07 5 0.2 1 8 
2.08 11 0.2 1 8 






2.10 5 0.2 1 8 
2.11 10 0.2 1 8 







2.6.2.8. General procedure for RAFT copolymerisation 
A solution of the amine monomer, LMA, AIBN and 2-cyano-2-propyl dithiobenzoate 
(CPDB) in 1,4-dioxane (1:1 volume to monomer) was added to a dry ampoule containing a 
stirrer bar. The solution was degassed using at least 3 freeze-pump-thaw cycles, back filled 
with nitrogen, sealed and placed in a pre-heated oil bath at 70 °C. After an allotted time the 
polymerisation was quenched by liquid nitrogen, 1,4-dioxane removed in vacuo and the 
resultant polymer diluted with the minimum of dichloromethane (CH2Cl2) and the polymer 
was precipitated into cold methanol and isolated by filtration. Precipitation was repeated a 
further two times to afford a pink tacky polymer (see Table 2.2 for molecular weight data).  
   
P(DMAEMA-co-LMA), 2.13 - 2.15,
 δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 7.85 (d, 
3
JH-H = 8.1 Hz, 1H Ar end group), 7.55 (t, 
3
JH-H = 7.4 Hz, 2H Ar end group), 7.41 (t, 
3
JH-H = 
8.1 Hz, 2H Ar end group), 4.20 (br t, 2H, OCH2CH2N), 3.90 (br t, 2H, OCH2CH2(CH2)9CH3), 
2.50 (br s, 2H, OCH2CH2N), 2.10 (br s, 6H, OCH2CH2N(CH3)2), 1.94 (s, 6H, end group), 
1.70 (br t, 2H, OCH2CH2(CH2)9CH3), 1.20-1.30 (br t, 18H, OCH2CH2(CH2)9CH3), 1.00-2.00 
(br m, backbone) 0.80 (br t, 3H, OCH2(CH2)10CH3). 
P(DEAEMA-co-LMA), 2.16 - 2.18,
  δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 7.85 (d, 
3
JH-H = 8.1 Hz, 1H Ar end group), 7.55 (t, 
3
JH-H = 7.4 Hz, 2H Ar end group), 7.41 (t, 
3
JH-H = 
8.1 Hz, 2H Ar end group), 4.10 (br t, 2H, OCH2CH2N), 3.90 (br t, 2H, OCH2CH2(CH2)9CH3),  
2.50 (br s, 2H, OCH2CH2N), 2.30 (br t, 4H, OCH2CH2N(CH2)2(CH3)2), 1.94 (s, 6H, end 
group), 1.70 (br t, 2H, OCH2CH2(CH2)9CH3),  1.20-1.30 (br t, 18H, OCH2CH2(CH2)9CH3), 
1.10 (br t, 6H, OCH2CH2N(CH2)2(CH3)2), 1.00-2.00 (br m, backbone), 0.80 (br t, 3H, 
OCH2(CH2)10CH3). 
P(MEMA-co-LMA), 2.19 - 2.21,
  δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 7.85 (d, 
3
JH-
H = 8.1 Hz, 1H Ar end group), 7.55 (t, 
3
JH-H = 7.4 Hz, 2H Ar end group), 7.41 (t, 
3
JH-H = 8.1 
Hz, 2H Ar end group), 4.20 (br t, 2H, OCH2CH2N), 3.90 (br t, 2H, OCH2CH2(CH2)9CH3), 





OCH2CH2N(CH2)2(CH3)2), 1.94 (s, 6H, end group), 1.70 (br t, 2H, OCH2CH2(CH2)9CH3), 
1.20-1.30 (br t, 18H, OCH2CH2(CH2)9CH3), 1.00-2.00 (br m, backbone), 0.80 (br t, 3H, 
OCH2(CH2)10CH3). 
 
Table 2.7. Reaction conditions for the RAFT copolymerisations 
 

















2.13 12 3 0.2 1 8 
2.14 6 5 0.2 1 8 








2.16 9 2 0.2 1 8 
2.17 6 4 0.2 1 8 






2.19 11 3 0.2 1 8 
2.20 7 6 0.2 1 8 
2.21 4 9 0.2 1 8 
 
2.6.2.9. End group modification of tertiary amine polymers. 
RAFT terminated polymer (1 eq.) was dissolved in THF (60 g/L) and the solution was 
purged with nitrogen for 30 minutes. The Michael acceptor (50 eq.) was then added, NaBH4 





(10 eq.) was added. The ampoule was then sealed and allowed to stir for 20 h at room 
temperature. After 20 h the THF was removed in vacuo and the resultant polymer diluted 
with the minimum of dichloromethane (CH2Cl2) and the polymer was precipitated into cold 
diethyl ether and isolated by filtration. Precipitation was repeated a further two times to 
afford a pale yellow tacky polymer (see Table 2.2 for molecular weight data for when the 
Michael acceptor is 2.23).   
  
PDMAEMA, 2.01eg - 2.03eg,
 δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 5.35 (t,
 3
JH-H = 
6.5 Hz 2H, CH=CH Oleic end group), 4.20 (br t, 2H, OCH2CH2N), 2.50 (br s, 2H, 
OCH2CH2N), 2.10 (br s, 6H, OCH2CH2N(CH3)2), 1.94 (s, 6H, end group) 1.40-1.20 (m, 24H, 
CH2, oleic end group),  , 1.00-2.00 (br m, backbone), 0.80 (br t, 3H, oleic end group). 
PDEAEMA, 2.04eg - 2.06eg, δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 5.35 (t,
 3
JH-H = 
6.5 Hz 2H, CH=CH Oleic end group), 4.20 (br t, 2H, OCH2CH2N), 2.50 (br s, 2H, 
OCH2CH2N), 2.30 (br t, 4H, OCH2CH2N(CH2)2(CH3)2), 1.94 (s, 6H, end group), 1.40-1.20 
(m, 24H, CH2, oleic end group), 1.10 (br t, 6H, OCH2CH2N(CH2)2(CH3)2), 1.00-2.00 (br m, 
backbone), 0.80 (br t, 3H, oleic end group). 
PMEMA, 2.07eg - 2.09eg,
 δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 5.35 (t,
 3
JH-H = 6.5 
Hz 2H, CH=CH Oleic end group), 4.20 (br t, 2H, OCH2CH2N), 3.70 (br t, 4H, 
OCH2CH2N(CH2)2(CH2)2) 2.50 (br s, 2H, OCH2CH2N), 2.40 (br t, 4H, 
OCH2CH2N(CH2)2(CH3)2), 1.94 (s, 6H, end group), 1.40-1.20 (m, 24H, CH2, oleic end 
group). 1.10 (br t, 6H, OCH2CH2N(CH2)2(CH3)2), 1.00-2.00 (br m, backbone), 0.80 (br t, 3H, 
oleic end group). 
PPEMA, 2.010eg - 2.12eg,
 δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 8.40 (br t, 4H, 
OCH2CH2 (CH2)2(CH3)2 N), 6.90 (br t, 4H, OCH2CH2 (CH2)2(CH3)2 N), 5.35 (t,
 3
JH-H = 6.5 
Hz 2H, CH=CH Oleic end group), 4.20 (br t, 2H, OCH2CH2N), 3.70 (br t, 4H, 





group), 1.10 (br t, 6H, OCH2CH2N(CH2)2(CH3)2), 1.00-2.00 (br m, backbone), 0.80 (br t, 3H, 
oleic end group).  
P(DMAEMA-co-LMA), 2.13eg - 2.15eg,
   δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 
5.35 (t,
 3
JH-H = 6.5 Hz 2H, CH=CH Oleic end group),  4.20 (br t, 2H, OCH2CH2N), 3.90 (br t, 
2H, OCH2CH2(CH2)9CH3), 2.50 (br s, 2H, OCH2CH2N), 2.10 (br s, 6H, OCH2CH2N(CH3)2), 
1.94 (s, 6H, end group), 1.70 (br t, 2H, OCH2CH2(CH2)9CH3), 1.40-1.20 (m, 24H, CH2, oleic 
end group), 1.10 (br t, 6H, OCH2CH2N(CH2)2(CH3)2), 1.20-1.30 (br t, 2H, 
OCH2CH2(CH2)9CH3), 1.00-2.00 (br m, backbone) 0.80 (br t, 3H, OCH2(CH2)10CH3), 0.80 
(br t, 3H, oleic end group). 
P(DEAEMA-co-LMA), 2.16eg - 2.18eg,
  δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 5.35 
(t,
 3
JH-H = 6.5 Hz 2H, CH=CH Oleic end group), 4.10 (br t, 2H, OCH2CH2N), 3.90 (br t, 2H, 
OCH2CH2(CH2)9CH3),  2.50 (br s, 2H, OCH2CH2N), 2.30 (br t, 4H, 
OCH2CH2N(CH2)2(CH3)2), 1.94 (s, 6H, end group), 1.70 (br t, 2H, OCH2CH2(CH2)90CH3),  
1.40-1.20 (m, 24H, CH2, oleic end group), 1.10 (br t, 6H, OCH2CH2N(CH2)2(CH3)2), 1.20-
1.30 (br t, 2H, OCH2CH2(CH2)9CH3), 1.10 (br t, 6H, OCH2CH2N(CH2)2(CH3)2), 1.00-2.00 
(br m, backbone), 0.80 (br t, 3H, OCH2(CH2)10CH3), 0.80 (br t, 3H, oleic end group). 
P(MEMA-co-LMA), 2.19eg - 2.21eg, 
 δ (ppm) 1H NMR (400 MHz, CDCl3): δ (ppm) 5.35 (t,
 
3
JH-H = 6.5 Hz 2H, CH=CH Oleic end group), 4.20 (br t, 2H, OCH2CH2N), 3.90 (br t, 2H, 
OCH2CH2(CH2)9CH3), 3.70 (br t, 4H, OCH2CH2N(CH2)2(CH2)2) 2.50 (br s, 2H, 
OCH2CH2N), 2.40 (br t, 4H, OCH2CH2N(CH2)2(CH3)2), 1.94 (s, 6H, end group), 1.70 (br t, 
2H, OCH2CH2(CH2)9CH3), 1.40-1.20 (m, 24H, CH2, oleic end group), 1.20-1.30 (br t, 2H, 
OCH2CH2(CH2)9CH3), 1.10 (br t, 6H, OCH2CH2N(CH2)2(CH3)2), 1.00-2.00 (br m, 





2.6.3. Polymer characterisation 
2.6.3.1. 1H Nuclear Magnetic Resonance (NMR) spectroscopy 
1
H NMR spectra were recorded on a Bruker DPX-400 spectrometer in CDCl3. Chemical 
shifts are given in ppm downfield from TMS. 
2.6.3.2. Size exclusion chromatography 
Size exclusion chromatography (SEC) measurements were performed with HPLC grade 
solvents (Fisher), dimethylformamide (DMF) with 1.06 g/L of LiCl at 40 °C as the eluent at 
a flow rate of 1 mL/min, on a set of two PLgel 5 μm Mixed-D columns, and one guard 
column. The molecular weights of the synthesised polymers were calculated relative to 
poly(methyl methacrylate) (PMMA) standards from refractive index chromatograms. 
2.6.3.3. Refractive index increment 
The specific refractive index increment (dn/dC) of the polymers were measured in n-hexane 
and were between 0.13 and 0.14 mL/g on a refractometer (Bischoff RI detector) operating at 
a wavelength of 632 nm.  
2.6.4. Micelle preparation 
Micelle solutions were prepared by adding solvent to the dried polymer powder at a 
concentration of 2 g/L and stirring overnight. After one night of stirring the solutions were 
heated to 50 C for 6 hours and then allowed to cool to room temperature under ambient 
conditions prior to analysis. 
2.6.5. Micelle characterisation 
2.6.5.1. Laser light scattering 
Measurements were performed at angles of observation ranging from 20° up to 150° with an 





duplicate with 100 s run times. Calibration was achieved with filtered toluene and the 
background was measured with filtered solvent (n-hexane).  
2.6.5.2. Dynamic light scattering (DLS) 
The intensity autocorrelation functions g2(t) obtained from dynamic light scattering were 
related to g1(t) (the normalised electric field autocorrelation functions) via the so-called 
Siegert relation. Then g1(t) was analysed in terms of a continuous distribution of relaxation 
times (eqn. 1.18) using the REPES routine
39
 without assuming a specific mathematical shape 
for the distribution of the relaxation times (A()). The apparent diffusion coefficient D was 
calculated from eqn. 1.16 given that the average relaxation rates Γ of the scatterers were q2 
dependent, where q is the scattering vector given by q=(4πn/λ0).sin(/2) with  the angle of 
observation and n = 1.373 the refractive index of the solvent (n-hexane). The concentration 
dependence of the diffusion coefficient is given by D = D0(1+kDC) where kD is the dynamic 
second virial coefficient and D0 the diffusion coefficient used for an infinitly dilute sample, 
obtained by computing the hydrodynamic radius (Rh) of the scatterers according to the 
Stokes-Einstein eqn. 1.19. With ɳ the solvent viscosity, k the Boltzmann’s constant and T the 
absolute temperature. Values of Rh given in the following are then obtained after 
extrapolation to zero concentration.  
2.6.5.3. Static light scattering (SLS) 
The Rayleigh ratio of the solutions have been measured using toluene as a reference 
according to eqn. 1.12 where Ii represents the intensity scattered by species i and Rtoluene is 
the Rayleigh ratio of the reference. In dilute solutions if Rg.q < 1 where Rg is the radius of 
gyration, the q and concentration dependence of R is given by eqn 1.10, where A2 is the 
second virial coefficient and Mw the weight average molecular weight.  K is an optical 
constant given by eqn 1.11. Where no = 1.496 is the refractive index of the reference liquid 
(toluene), dn/dC is the specific refractive index increment determined by differential 





extrapolation to zero concentration and zero angle and used to derive the aggregation number 
of the micellar aggregates Nagg = Mw/Mw,unimers.  For spherical morphologies, it is possible to 
deduce the core radius, Rc, from the aggregation number, using equation (2.1) assuming the 
core block is dehydrated and the density matches that of the bulk value, ρ.40 For spherical 
morphologies, it is possible to deduce the core radius, Rc, from the aggregation number, 
using equation (2.1) assuming the core block is dehydrated and the density matches that of 
the bulk value, ρ.40 
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3. The performance of amine containing nanostructures 
as ashless detergents in lubricant formulations. 
 
3.1. Abstract 
In Chapter 2 a range of amine homopolymers and copolymers were synthesised and shown 
to form structures that mimic the current metal salt detergents found in lubricant 
formulations for automotive engines. In this Chapter these amine polymers are explored 
further and their performance as ashless detergents by a range of analytical techniques and 
industrial standard methods is explored further. The results indicate that these ashless 
detergents are able to effectively neutralise acid by-products of combustion and can act as 















To ensure optimal performance within a moving engine lubricants are added. These 
lubricants possess many components and typically include a mineral oil and an array of 
additives; each additive is designed to target a specific function throughout engine use or to 
enhance a property already observed in the engine.
1
 One of the most important components 
of lubricant formulations are detergents, which are designed to neutralise acidic compounds 
formed during fuel combustion.
2
 These acidic compounds have the ability to adhere to metal 
surfaces and cause corrosive damage and engine wear, both of which limit engine lifespan.
3
  
Currently these metal based detergents are characterised by the amount of relative base 
present, and are grouped into basic, overbased and superbased depending on the 
stoichiometric ratio of base .
4,5
  A well-documented standard measurement for the basic 
potential of a detergent is the total base number (TBN) analysis which is the milligrams of 
potassium hydroxide (KOH) per one gram of the oil sample which is required to neutralise 
the system.
6
 The TBN analysis is principally a modified titration, suited to the current 
industry detergents, metal inorganic salts, which is able to assess the basic nature of these 
additives within a lubricant formulation. However, the TBN analysis only gives the amount 
of base present within the system. Selected other tests can be used to analyse the detergents 
further for their acid neutralising ability, such as monitoring the changes in pH or carbon 
dioxide release with time upon contact with an acid.
7-9
  
Although TBN analysis allows for an accurate determination of the base content the relative 
strength of the base is unknown, therefore in some cases it is plausible that high TBN values 
may be observed but very poor acid neutralisation ability might result. To try to understand 
this, potentiometric titration can be used to determine the acid dissociation constant (pKa) or 
base dissociation constant (pKb) which are quantitative measures of the strength of the 
investigated acid or base respectively, in solution. Therefore potentiometric titrations are 







Even though the neutralisation potential of current detergents can be well characterised by 
the industry standard TBN analysis, the mechanisms of action are not as well characterised. 
Nevertheless,  two mechanisms have been proposed for the neutralisation of acids in solution 
by detergent nanoparticles, a strong stick and weak stick mechanism (Figure 3.1).
3
 A strong 
stick mechanism consists of the detergent particles colliding with the acid and the base core 
becoming directly exposed to the acid, therefore losing the detergent structure and rapid 
neutralisation occurring. A weak stick mechanism differs as the detergent structure is 








Figure 3.1 Schematic representation of the a) strong stick and b) weak stick mechanisms for 
acid neutralisation from detergent nanoparticles in lubricant formulations.
3
   
 
In Chapter 2 the synthesis of a range of amine polymers was discussed and their self-
assembly in non-polar solvents was considered for their potential as ashless detergents in 
lubricant formulations. In this Chapter the polymers from Chapter 2 are explored further as 
ashless detergents and their ability to neutralise acids is investigated. Specifically the TBN, 
pKa and mechanism of acid neutralisation is examined for this range of self-assembled 





3.3. Results and Discussion  
In this Chapter polymers 2.01-2.21 and 2.01eg-2.21eg, Scheme 3.1, are examined, using a 
range of analytical techniques, to explore their potential as ashless detergents in lubricant 
formulations. For all of the molecular characterisation and self-assembly data for these 
polymers please refer to Chapter 2. 
 








3.3.1. Potentiometric titration of ashless detergents 
For an ashless detergent to have the greatest performance in the engine it is hypothesised that 
a high affinity for acidic protons, i.e. a stronger base, would generate a faster neutralisation 
reaction and consequently reduce the engine wear caused from the acidic compounds. As 
mentioned in the introduction, potentiometric titration experiments allow for the 
determination of the pKa or pKb in solution. Here all the polymeric amines 2.01-2.21 and 
2.01eg-2.21eg were explored with potentiometric titration experiments which allowed for a 
simple comparison of base strength between the series of polymeric amines.  
3.3.1.1. Background to potentiometric titration 
The pKa can be defined by understanding the acid-base equilibriums that exist in a system. 





3.1), and therefore the acid dissociation constant Ka is defined as (eqn. 3.2): 
       +        (3.1) 
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The second constant to be defined is the base dissociation in water (eqn. 3.3) where the 
dissociation constant Kb is defined as (eqn. 3.4): 
𝐵 +        𝐵
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The final equilibrium constant is the autoprotolysis of water (eqn. 3.5), where Kw is defined 
by (eqn. 3.6). 
2         
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Furthermore, if pH is defined as the concentration of hydrogen ions in solution then pOH can 
be expressed as the concentration of hydroxide ions and pKw can be expressed as (3.7): 
       +                         (3.7) 
Although polymeric amines explored in this Chapter are known to be basic there is no need 
to define the base dissociation constant, Kb, as a stronger base will have a weaker conjugate 
acid, in this case NR2H
+
, and hence a higher pKa will be observed.  
The pKa can be derived using the Henderson–Hasselbalch equation (eqn. 3.8).
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)       (3.8) 
Where α is the degree of ionisation.  It can then be understood that when α is equal to 0.5 
then the equation is simplified to (eqn. 3.9):  
                                    (3.9) 
In this work, both water and acetonitrile (MeCN) were exploited as solvents for 
potentiometric titration. Acetonitrile is an interesting solvent for the titration of amines, as 
the autoprotolysis is much smaller than water and the dielectric constant is smaller also.
15-19
 
This consequently favours the dissociation of free ions in solution and allows for a stronger 
differentiating power between two ionic species, specifically this allows for the difference 
between two amino polymers to be more readily observed. 
3.3.1.2. Potentiometric titration of polymeric amines 
The series of polymeric amines described in Chapter 2 were titrated in two systems, an 
aqueous solvent system and an acetonitrile organic solvent system.  
In the aqueous system the polymers were not all soluble in pure water and so the polymers 
were first all solubilised in a 1.1 stoichiometric excess of 1 M hydrochloric acid (HCl) to 





pH of the solution was measured with respect to the volume of NaOH added.  Within the 
acetonitrile system the polymers are titrated against glacial acetic acid and the potential of 
the solution with respect to volume of glacial acetic acid added was recorded. To compare 
the basicity of the amine polymers the pKa of each system was measured. It is understood 
that a higher pKa indicates a stronger base and therefore a more effective ashless detergent.  
For titrations in acetonitrile the determination of pKa for the amine polymers is relatively 
simple as when acidic protons are present, by the addition of acetic acid, the protons will 
react only with the tertiary amines on the polymer chain present. Assuming that the polymer 
in the dry powder state is at α = 0 and acetonitrile does not ionise the amine units on the 
polymer once dispersed. Consequently, at the beginning of the titration the polymer is at α = 
0 and at the equivalence point (end point of the titration) the polymer is at α = 1. Therefore 
the pH at which α is equal to 0.5 is defined as the pKa. To understand α in the water systems 
first three scenarios must be understood. The first is when excess HCl reacts with NaOH in 
solution. As HCl is a strong acid this will dissociate first before the conjugate acid of the 
amines (eqn. 3.10). 
 𝐶 +         +   𝐶                    (3.10) 
The second is the reaction of NaOH with the conjugate acid in solution (eqn. 3.11). This 
reaction is the reaction of interest in the titration experiment. 
    
 𝐶  +        +  𝐶 +                    (3.11) 
The final reaction is the dissociation of NaOH into free ions in solution (eqn. 3.12), this 
reaction will occur after the first two. 
         +                              (3.12) 
By understanding these three reactions it can be deduced that the moles of NaOH consumed 





Furthermore, the number of moles of NaOH added at the end of the titration is equal to the 
total number of moles of all three scenarios.  It is known that the equivalence point of a 
titration curve marks the point at which there are equal stoichiometric amounts of acid and 
base.  Therefore, for this titration the first equivalence point (Veqv1) reached must signify the 
end of the first scenario, i.e. all the excess HCl has been neutralised. The second equivalence 
point (Veqv2) is the end of the actual titration of interest, which represents the titration of the 
conjugate acid of the amines. This can be easily visible from plotting the raw data and 
second derivative of pH against volume of NaOH added. Therefore it can be understood the 
Veqv2 – Veqv1 is equal to the volume of NaOH required for the titration of the amines (Figure 
3.2), α can then be defined as the following (eqn. 3.13): 
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Figure 3.2. Example plot of the potentiometric back titration of a polyamine with NaOH in 
water, showing the relationship of pH with volume of NaOH added (solid line), and the 






Although pH is defined as the activity of the hydrogen ion, H
+
, in aqueous system a pH value 
can be produced for the acetonitrile systems (MeCN) by using the Nernst equation (eqn. 
3.14) and the potential measured (Emeasured) in these systems. 
            
 
      (     1)      [ 
 ]  (3.14) 
Within equation 3.14, log10[H
+
] is equal to the pH of the solution and E
o
Cell is standard 
potential of the electrode. 
3.3.1.3. Potentiometric titration of the amine homopolymers 
In this first section the amine homopolymers were explored using potentiometric titration, 
both with RAFT end groups and with the cis-9-octadecene-based Michael acceptor end 
group (Scheme 3.1, 2.01-2.12 and 2.01eg-2.12eg respectively). For the water based systems 
all amines were initially solubilised in 1.1 stoichiometric excess of 1M HCl and back titrated 
with 0.1 M NaOH. For the acetonitrile system the polymers were first solubilised directly 
and then titrated against glacial acetic acid. Therefore, when α = 0.5 the pKa values were 
found, see Table 3.1 in the experimental for data.  
As mentioned in Chapter 2, the molecular weight of the detergent is known to influence its 
behaviour in the lubricant. However this study was for classical metal salt detergents, where 
the molecular weight difference is a consequence of the increased amount of base present or 
a longer surfactant chain stabilising the micelle structure. For these amine polymers studied 
herein the molecular weight increase results in increased chain length and increased amount 
of amine units per particle once assembled as concluded in Chapter 2.  Furthermore, for 
polyelectrolytes the influence of adjacent ionisable groups and therefore chain length can 
influence the pKa and consequently the potential ashless detergent behaviour.
11,12,20,21
  All 
homopolymers were titrated and the results in Figure 3.2 show the effect of molecular weight 







Figure 3.3. Plots to show the relationships between polymer molecular weight and pKa value 
observed in both H2O and MeCN for a) PDMAEMA 2.01-2.03 and 2.01eg-2.03eg, b) 
PDEAEMA 2.04-2.06 and 2.04eg-2.06eg, c) PMEMA 2.07-2.09 and 2.07eg-2.09eg, d) 
PPEMA 2.10-2.12 and 2.10eg-2.12eg.  Labelled as RAFT, a reference to the polymer end 
group and labelled as EG, a reference to the modified end group polymers.  
 
Interesting trends can be observed for these amine homopolymers; firstly for all titrations in 
MeCN, all systems have higher pKa values which are attributed to the higher autoprotolysis 
of MeCN. Consequently equation 3.7 is adjusted as the Kw value is replaced by KMeCN for 
acetonitrile, which is much higher than Kw, hence higher pKa values are observed. For both 
the water and MeCN systems the trends are identical and therefore the results will be 
discussed further in parallel. For the PDMAEMA (2.01-2.03 and 2.01eg-2.03eg) and 
PDEAEMA (2.04-2.06 and 2.04eg-2.06eg) systems it can be observed that the 1kDa 





of adjacent amine units, as once an amine unit becomes ionised it becomes increasingly 
difficult to form charges on adjacent units on the same chain.
20,22,23
 Given the small chain 
lengths here it can be deduced that for small polymer chains this effect of charge repulsion 
on ionisation is much more prominent throughout the entire chain. For example if one repeat 
unit is ionised on the 85 kDa PDMAEMA polymers, 2.03, this equates to 0.2 % chain 
ionisation whereas for the 1 kDa PDMAEMA, 2.01, system this equates to 20 % ionisation 
and thus the charge repulsion is much greater and hence slightly weaker bases are formed in 
the low molecular weight systems as indicated by a lower observed pKa value.   
On the other hand, the PMEMA (2.07-2.09 and 2.07eg-2.09eg) and PPEMA (2.10-2.12 and 
2.10eg-2.12eg) systems show no significant change in pKa with respect to chain length 
(Figures 3.3c and 3.3d). It is believed the lack of change between chain lengths is a 
consequence of the cyclic ring systems that both these polymers contain. These aromatic 
repeat units will already restrict the proximity of adjacent units and the influence of charge 
does not change this further. Therefore little to no change is observed with changing 
molecular weight for these systems. However, for the PMEMA 2.09 and 2.09eg in 
acetonitrile there is a large increase in the pKa values observed, which could be a 
consequence of the reduction in charge repulsion at much larger chain lengths for the 
PMEMA system. 
The second effect to explore was the influence of the end group modification on the pKa 
values. Again, as mentioned in Chapter 2, these results are using the cis-9-octadecene based 
Michael acceptor as the end group as compared to the original RAFT end group from the 
chain transfer agent. Interestingly it can be observed that the chemical modification of the 
polymer with these alkyl chain end groups does indeed change the pKa values observed. It 
was shown in Chapter 2 that the alkyl end group allows for the formation of discrete 
nanostructures in solution, therefore for these self-assembled polymer systems the increased 





This increased local concentration of amines means that the amine repeat units will act 
distinctly in two ways in comparison to a polymer chain in solution. The first is that the 
amines act as salts and can therefore screen the local charges on other polymer chains in 
local proximity and in turn the base is stronger, resulting in a higher pKa observed by 
potentiometric titration.
24,25
 The second is that the local concentration of these bases is very 
high; the high concentration of base units mean that as one base unit becomes ionised, thus 
forming the conjugate acid, a second base unit in close proximity can become ionised from 




Figure 3.4. The buffering effect of PDMAEMA in a confined environment. a) Ionisation of 
the DMAEMA repeat unit on an adjacent chain from the conjugate acid b) subsequent 
ionisation of a DMAEMA repeat unit on the original polymer chain from the second 
DMAEMA conjugate acid c) final form of the adjacent unit ionisation, note this mechanism 
is reversible. 
  
For the polymers explored in this work the influence of the end group modification is only 
prominent for the PDMAEMA and PDEAEMA systems in contrast to the PMEMA and 
PPEMA systems which show no observed difference when the polymer end group is altered. 
As concluded for the effects observed when changing the molecular weight of the amine 
polymers it is believed that the cyclic rings prevent the close proximity of the amine units 
and negate any potential screening of charges thus little change in pKa is observed when the 





The third influence to examine is the effect of the amine on the pKa. As a range of amines 
were synthesised to act as ashless detergents it is necessary to examine how different tertiary 
amines will alter the basicity of the resultant ashless detergent. By plotting the average pKa 
of the polymers against the amine monomer repeat unit a simple comparison of amine 
strength can be made (Figure 3.5).  
 
Figure 3.5. Relationships between amine and the average pKa of the homopolymers observed 
in H2O and MeCN for DMAEMA, DEAEMA, MEMA and PEMA 
 
Overall the basicity of the amine follows the trend of DEAEMA > PEMA > DMAEMA 
>MEMA.  Alkyl groups on the nitrogen of the tertiary amine will increase the basicity of the 
amine group and therefore the DEAEMA polymers results in the highest basicity of all 
polymer amines. Although cyclic groups can reduce the basicity of the amine, pyridine has 
several resonance structures which allow for the electron lone pair to reside on the nitrogen 
as opposed to being delocalised into the aromatic   system, allowing the nitrogen to be 
readily available for protonation. These resonance structures account for why the PEMA 





3.3.1.4. Potentiometric titration of amine copolymers 
In this second section the amine copolymers were explored by potentiometric titration, both 
with RAFT end groups (2.13-2.21) and the cis-9-octadecene-based Michael acceptor end 
group (2.13eg-2.21eg). For the water based systems all amines were initially solubilised and 
back titrated with NaOH, however, during the titration the amine polymers began to 
precipitate from solution at low ionisation, (α), values. When these polymers begin to 
precipitate the polymers can no longer become deprotonated by the NaOH and thus accurate 
determination of the pKa can no longer be obtained. Therefore only the results for the 
copolymers obtained in acetonitrile solution are reported. As described previously, for the 
acetonitrile system the polymers were first solubilised directly and then titrated against 
glacial acetic acid. The potentiometric data for all copolymers was analysed and when α = 
0.5 the pKa values were found, as listed in Table 3.2 in the experimental for data.  
For these copolymers the length of the polymer chain was kept constant but the composition 
of the copolymer was varied. From Chapter 2 it was determined (based on the reactivity 
ratios) that the amine groups are statistically spaced along the polymer chain dependent on 
the ratios of the amine monomer and lauryl methacrylate (LMA) in the feed composition 
(Figure 3.6). For this first series of titrations the influence of composition on the pKa values 






Figure 3.6. Figure depicting the increase in spacing between amine units dependent on the 








Figure 3.7 Plots to show the relationships between amine mol% and pKa value observed in 
MeCN for a) P(DMAEMA-co-LMA) 2.13-2.15 and 2.13eg-2.15eg, b) P(DEAEMA-co-
LMA) 2.16-2.18 and 2.16eg-2.18eg, c) P(MEMA-co-LMA) 2.19-2.21 and 2.19eg-2.21eg. 
Labelled as RAFT, a reference to the polymer end group and labelled as EG, a reference to 
the modified end group polymers. 
 
As shown in Figure 3.7 when the mol% incorporation of the amine is reduced the pKa of the 
polymer shows a slight positive relationship. This reduction is related to the proximity of 
amines along the polymer chain. When the amine incorporation is high the charge repulsion 
of amines is high and as such the protonation of amines is more difficult.
20
 On the other hand 
when the amines are spaced further apart the charges are separated by a large enough 
distance that the amine units can ionise independently, which makes protonation easier. 
However, for the P(MEMA-co-LMA) series, 2.19-2.21 and 2.19eg-2.21eg, a large change in 
amine polymer loading did not result in a large change in pKa value observed (Figure 3.7c). 
It is hypothesised that the cyclic structures in which the nitrogen base source is located 





not provide a significant increase in the spacing of the charges and thus an increased pKa 
value  
Additionally, likewise to the amine homopolymers these amine copolymers were end group 
modified through a Michael addition using the cis-9-octadecene based Michael acceptor.
27
 In 
a similar manner to the end group modified homopolymers, 2.01eg -2.12eg, an increase in 
pKa is observed when these end group modified copolymers (2.13eg-2.21eg) are compared to 
the RAFT end group analogues (2.13-2.21). It is proposed that the RAFT terminated 
copolymers may adopt a collapsed structure in solution, however, the modification with the 
cis-9-octadecene based Michael acceptor is expected to alter the structure in solution and 
larger aggregates form (as observed by laser light scattering studies in Chapter 2). These 
large aggregates will have an increased local concentration of amines and therefore provide a 
buffering effect, screening out more charges in the local environment making deprotonation 
harder producing a higher pKa. This effect of an increased local concentration of amines 
changing the pKa of the polymer system are similar to reports in protein systems where 
hydrophobically modified pockets within the protein structure give an increased pKa value.
26
 
Nevertheless this increase is most pronounced in the highest amine incorporations, 75 mol% 
amine copolymers (2.15eg, 2.17eg and 2.21eg). Specifically for these systems (2.15eg, 
2.17eg and 2.21eg) it was believed that the possible structure formed by the end group 
modified polymers is much more defined in terms of segregated local environments for the 
amines that form the micelle core and therefore the cooperative deprotonation behaviour of 
the amines is increased, hence higher pKa values are observed.  
Although the results already indicate that the self-assembled structure has a much larger 
influence on the pKa values than the nature of the amine moiety itself, the effect of different 
amine moieties was still examined. By plotting the average pKa of the polymers against the 






Figure 3.8.  A plot to show the relationship between amine and the average pKa of the 
copolymers observed in MeCN for 2.13-2.21 and 2.13eg-2.21eg. 
 
When the polymer structure is altered the observed pKa greatly changed, but the overall 
basicity trend of the polymers followed the same basicity trend as observed for the 
homopolymers. Here the copolymers trend in basicity is DEAEMA > DMAEMA >MEMA, 
which follows a similar trend in decreasing basicity as observed for the homopolymers 
which was DEAEMA > PEMA > DMAEMA >MEMA. It can be therefore concluded that 
although the nature of the self-assembled structure can significantly alter the basic properties 
of these ashless detergents the overall amine basicity still follows the same trends regardless 
of the structure of the assembly.    
These potentiometric titration experiments indicate that these amine polymers have the 
potential to act as ashless detergents in solution. Specifically these results demonstrate that 
the base source in each polymer system is capable of reacting with acid and has a strong 
affinity for acidic protons as indicated by the observed high pKa values. Nevertheless, an 





for acidic protons. In the following section the total base number (TBN) of this range of 
homopolymers and copolymers is explored, where the total amount of base in each of the 
systems is evaluated. 
3.3.2. Total base number (TBN) analysis of ashless detergents 
For an ashless detergent to be able to act as a replacement for the current metal salt detergent 
nanoparticles the polymeric materials must have high TBN to indicate a high reserve of base 
in the system. Although these ashless polymers show a good affinity for acidic protons the 
comparison of total base between amine polymer systems must also be evaluated to 
understand performance within the engine.  To explore this all of the homopolymer and 
copolymer amines, 2.01-2.21 and 2.01eg-2.21eg, were evaluated to establish their total base 
number (TBN) which allowed for a simple comparison between the different polymeric 
amine systems.  
3.3.2.1. Background to TBN analysis 
Potentiometric titration of detergents to obtain a pKa value is not typically used to 
characterise the detergent nanoparticles in the lubricant formulation. However, in this section 
a similar titrimetric analysis is undertaken but for these titrations the aim is obtain the base 
number of a detergent nanoparticle.  As mentioned in the introduction, the Total Base 
Number (TBN) analysis gives an indication of the amount of base present in the system. The 
TBN is given in mgKOH/g which represents the milligrams of KOH per one gram of an oil 
sample which is required to neutralise the system. 
The TBN analysis is studied using a modified ASTM-D2896 method.
28
 In this work the 
detergent nanoparticles are first solubilised in DMSO and then titrated with a solution of 
perchloric acid in glacial acetic acid, the electrode potential in the solution being measured 
with respect to the addition of perchloric acid, the end point (or equivalence point) is 
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Where E stands for the equivalence point of the titration, F is the blank equivalence point, N 
is the normality of the titrant (the equivalence of acidic protons in solution), 56.1 is the molar 
mass of KOH and S is the sample weight in g. 
For a quick and simple determination of the base content of a sample, TBN analysis works 
well. However, the TBN analysis is primarily suited for the metal inorganic salt detergents 
which show an irreversible reaction between the base and acid. This irreversible reaction 
produces a very sharp defined end point which can then be simply related back to the amount 
of base present in the system. Conversely, the development of these new ashless detergents 
which are based upon organic base sources produces a reversible reaction between the base 
and the acid which means the TBN analysis may show slightly different behaviours than 
expected, as the original design of the test is for metal inorganic salts.    
3.3.2.2. TBN analysis of the amine homopolymers 
To evaluate the TBN of the amine homopolymers a modified ASTM-D2896 method was 
utilised, the TBN values were calculated from the end point of the titration; see Table 3.3 for 
the data. Furthermore, as mentioned previously, the test was not designed to analyse 
polymeric species which are to be used as ashless detergents, consequently some results 
from the TBN analysis of amine polymers may differ from expected TBN values. Each 
amine can react with acid in solution; therefore a theoretical TBN can be calculated (eqn. 
3.16). 
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Table 3.3. TBN analysis data for homopolymers 2.01-2.12 and 2.01eg-2.12eg using the 
ASTM-D2896 analysis method. 



















2.01 1.0 192 278 
2.01eg 1.2 320 207 
2.02 2.3 265 318 
2.02eg 2.5 274 282 
2.03 85 193 356 








2.04 1.2 234 236 
2.04eg 1.4 122 175 
2.05 2.3 267 270 
2.05eg 2.5 313 239 
2.06 86 68 302 






2.07 1.1 147 220 
2.07eg 1.3 374 163 
2.08 2.2 220 251 
2.08eg 2.4 239 222 
2.09 81.0 274 281 






2.10 1.2 124 230 
2.10eg 1.4 283 171 
2.11 2.3 128 263 
2.11eg 2.5 127 233 
2.12 85.0 0 294 




H NMR spectroscopy. 
b
Determined by ASTM-D2896 in DMSO. 
c







Figure 3.9. Plots to show the relationships between polymer molecular weight and TBN 
value measured and theoretically calculated using eqn. 3.15 for a) PDMAEMA 2.01-2.03 
and 2.01eg-2.03eg, b) PDEAEMA 2.04-2.06 and 2.04eg-2.06eg, c) PMEMA 2.07-2.09 and 
2.07eg-2.09eg, d) PDMAEMA 2.10-2.12 and 2.10eg-2.12eg.  (Labelled as RAFT, a 
reference to the polymer end group and labelled as EG, a reference to the modified end 
group polymers). 
 
Initially, similar to the pKa analysis the effect of molecular weight on the TBN value was 
explored for this series of homopolymeric amine materials (Figure 3.9). Universally for all 
systems theoretically as the molecular weight of the polymer is increased the TBN values 
calculated by equation 3.16 increase which is as a result of the higher percentage of amines 
that make up the composition of the polymer with respect to the end groups. However, when 
this theoretical value was compared to the experimentally measured value there was a 





TBN value than those measured using this method (see Figure 3.9).  Furthermore, it can be 
observed that for the TBN values measured there is no clear trend between polymer 
molecular weight or between polymer systems which is in contrast to the theoretical TBN 





















3.3.2.3. TBN analysis of the amine copolymers 
In this second section the amine copolymers are explored by the ASTM-D2896 method and 
the TBN values are found, TBN values for copolymers with both RAFT end groups and the 
cis-9-octadecene-based Michael acceptor are explored, Table 3.4. 
 
Table 3.4. TBN analysis data for copolymers 2.13-2.21 and 2.13eg-2.21eg using the ASTM-
























 2.13 25 75 3.5 41 57 
2.14 50 50 3.2 105 127 
2.15 75 25 4.2 126 293 
2.13eg 25 75 3.6 61 54 
2.14eg 50 50 3.5 102 120 











 2.16 25 75 2.1 49 66 
2.17 50 50 2.3 89 116 
2.18 75 25 2.3 140 251 
2.16eg 25 75 2.2 33 60 
2.17eg 50 50 2.3 70 104 










2.19 25 75 3.2 66 54 
2.20 50 50 2.9 112 114 
2.21 75 25 3.3 138 246 
2.19eg 25 75 3.4 67 51 
2.20eg 50 50 3.1 119 107 




H NMR spectroscopy. 
b
Determined by ASTM-D2896 in DMSO. 
c






For the copolymer systems it is expected that the pKa varies when the composition changed, 
hence the effect of composition on the TBN values for these copolymers was initially 
explored (Figure 3.10).  
 
Figure 3.10. Plots to show the relationships between polymer molecular weight and TBN 
value measured and theoretically calculated for a) P(DMAEMA-co-LMA) 2.13-2.15 and 
2.13eg-2.15eg, b) P(DEAEMA-co-LMA) 2.16-2.18 and 2.16eg-2.18eg, c) P(MEMA-co-
LMA) 2.19-2.21 and 2.19eg-2.21eg. Labelled as RAFT, a reference to the polymer end 
group and labelled as EG, a reference to the modified end group polymers. 
 
By plotting the mol% of amine in the copolymer against the TBN we can see a clear linear 
relationship. This is to be expected as an increase in mol% of amine results in a higher 
concentration of base within the system and as such more acid is neutralised in the analysis 
method, and thus a higher TBN is measured (see Figure 3.10). Moreover, what can also be 
observed is that the relationship between polymer composition and theoretical TBN is also 
linear. Nevertheless, in all cases the theoretical TBN values are higher than the measured 





The discrepancy observed between the theoretical and measured values for all polymer 
systems is hypothesised to be a lack of accessibility of the amines to the titrant in the TBN 
test method. It is believed that not all the amines can become ionised in this test method and 
as such, a lower TBN value is observed than the theoretical value. Furthermore, this could be 
a consequence of the speed of the titration, as for polymeric amines it may take a longer time 
for the acid molecules to diffuse successfully into the polymer structures as seen previously 
for potentiometric titrations of poly(styrene)-block-poly(acrylic acid).
29
 Therefore it is 
believed that perhaps this increased diffusion time of protons occurs during the TBN test 
which results in a lower TBN value.  The second is that the analysis is based on the 
determination of the end point of the reaction; for metal salt particles this end point is very 
clearly defined, but for polyamines the buffering effect of the system means that this end 
point is not as clearly defined and the shape of the titration curve (which is used to judge the 
end point for the TBN analysis) is different to metal salt detergent titration curves, possibly 
with polyamines possessing multiple points which could be perceived as end points to the 
titration.
30,31
 Consequently, it might be expected that this change in the curve shape may 
lower the accuracy in determining the end point of the titration and therefore lower TBN 
values are observed throughout the series of experiments. 
3.3.3. Relation of pKa and TBN values for amine polymers. 
Ideally new ashless polymer detergent particles would possess both high TBN and high pKa 
values, therefore forming structures in solution which have a strong affinity for acidic 
protons and a high amount of base present.  Although a range of acid dissociation constants 
(pKa) values were found for the amine polymers and a range of TBN values, this does not 
mean that a polymer with a high TBN (lots of base present) will have a high pKa value (a 
strong acid). To evaluate this for the series of amine homopolymers and copolymers, the 
comparison of pKa and TBN was undertaken. When the pKa of the amine homopolymers 





octadecene Michael acceptor), were plotted against TBN an easy visual comparison can be 
made (Figure 3.11).  
Figure 3.11. A plot to show the relationships between TBN and pKa value for each amine 
homopolymer series, grouped by the monomer repeat unit, 2.01-2.12 and 2.01eg-2.12eg. 
 
In this plot only the pKa results in MeCN are shown as these can be then be directly 
compared to the amine copolymers which were only run in MeCN. Interestingly, no obvious 
trend between the pKa and TBN can be observed for the amine homopolymer series. This 
could be understood that because the TBN test method is based primarily on the amount of 
base present in the system, therefore the TBN analysis is stoichiometrically weighted to the 
amount of base and is irrespective of base strength. However, on the other hand the pKa 
values are weighed towards the amine structure and the efficiency of the nitrogen base 
source, although the actual amount of base may be the same in two systems the structure of 
the base moiety may change and a higher pKa may be observed for one system over another 





On the other hand when the data collected for the amine copolymers pKa value is plotted 
against the TBN values a different scenario is present (Figure 3.12).  
Figure 3.12. Relationships between TBN and pKa value for each amine copolymer series, 
2.13-2.21 (labelled as RAFT, a reference to the polymer end group) 2.13eg-2.21eg (labelled, 
as EG a reference to the modified end group polymers). 
 
For these amine copolymers with both RAFT end groups and also end group modified (with 
the cis-9-octadecene Michael acceptor), it can be observed there is a weak negative linear 
relationship between the pKa and TBN. In this work it can be observed that as the pKa value 
increases there is a decrease in the TBN value observed. This relation between TBN and pKa 
is an effect of spacing the amines along the polymer chain, through copolymerisation, gives 
a higher pKa value. However, this copolymerisation simultaneously reduces the amount of 
base present in the system, resulting in a lower TBN value. Interestingly this can then be 
used to understand that although some of these ashless copolymer detergents particles may 
have very low TBN values basicity may be very high.  
The comparison between the pKa and TBN data obtained indicates that both test methods 





and strength of the base present in the system. However, these tests do not conclusively show 
that these polymers will neutralise acid when in a mineral oil. In order to understand the 
potential of these polymers as ashless detergents, acid neutralisation tests were undertaken, 
which can mimic the conditions and environments in which these detergents would be used. 
 
3.3.4. Acid neutralisation analysis of ashless detergents 
From potentiometric titrations and TBN analysis it can be concluded that these polymeric 
amine systems have the potential to act as ashless detergents in solution with high pKa values 
and good TBN values. To further understand the potential for the polymers to act as ashless 
detergents in situ acid neutralisation tests were undertaken. 
3.3.4.1. Understanding the mechanism and rate of neutralisation for amine 
polymers. 
As mentioned in the introduction there are two primary mechanisms for the reaction of 
detergent nanoparticles with acid droplets in solution. However, regardless of the mechanism 
the particle must still come into contact with the acid droplet. This data will assist in the 
understanding of the rate of reaction and the factors that increase the rate of neutralisation 
can be explored.  
From a theoretical perspective the reaction between a detergent nanoparticle and acid in the 
engine oil will be dependent on both the concentration of detergent and acid thus resulting in 
a second order reaction. However the detergent concentration is typically much higher than 
the acid droplet concentration and hence the concentration of the detergent throughout the 
reaction does not change significantly. Therefore, it can be deduced that the reaction is 
pseudo first order and that the rate of metal salt detergent nanoparticles is given in equation 
3.17. 





However, this reaction is irreversible once the product is formed. On the other hand the 
amine polymers, upon reaction with an acid, will undergo a reversible neutralisation reaction 
and therefore the derivation of the rate equation is as follows (eqn. 3.18). 
  +         
 +                    (3.18) 
Similar to overbased detergents, the amine polymers are in excess and thus the reaction can 
be simplified to a pseudo first order reaction 3.19 and the rate is defined as shown in 
equation 3.20. 
        
 +                             (3.19) 
        [  ]                                      (3.20) 
However, the reverse reaction (given by eqn. 3.21) is a second order reaction (given by eqn. 
3.22). 
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Therefore, it can be understood that at equilibrium the rates of reaction must be equal (eqn. 
3.23). 
   [  ]     [ 
 ][    
 ]              (3.23) 
 
Upon rearranging the equation gives (eqn. 3.24) 
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Furthermore, using equation (3.24) kr/kf can be substituted and the equation evolves to 
become (eqn. 3.26).  
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[  ][     ] 
 [  ][    
 ]             (3.26) 
 
Which simplifies to become (eqn. 3.27) 
        [  ]                                (3.27) 
From understanding both the forward and reversible reactions present for the amine 
homopolymers upon protonation is can be concluded that the reaction is a pseudo first order 
reaction in a similar manner to metal salt detergent nanoparticles.  
3.3.4.2. Setup for the rate of acid neutralisation by polyamines 
To test the rate of neutralisation a model system was produced which could mimic the 
environment in which these ashless detergents will be used and the acid neutralisation could 
be monitored over time. Hone et al used a stop flow model neutralisation set up and 
monitored the pH change during the neutralisation of H2SO4 by overbased detergents with 
UV-Vis spectroscopy over time in non-polar media.
9
 Hone et al were able to show that using 
a methyl orange pH indicator a decrease in the intensity in the UV-Vis spectra at 516 nm 
could be observed as the neutralisation occurs. For the rate of neutralisation studies using the 
amine polymers a similar model micro-neutralisation set up with methyl orange and UV-Vis 
spectroscopy was used. In this work only the self-assembled end group modified polymers 
are explored (2.01eg-2.21eg) where the end group is the cis-9-octadecene based Michael 
acceptor.  In a similar manner to Hone et al to analyse the rate of the neutralisation the 





model system a 0.6 L 0.1M H2SO4 acid droplet, treated with methyl orange, is injected into 
a 250L 1 wt% sample of amine polymer in mineral oil in a cuvette at 70 C inside a heating 
block where the UV-Vis spectroscopy can be measured over time.   
3.3.4.3. Rate analysis of amine polymer neutralisation 
By measuring the intensity of light at 510 nm over time the rate of the reaction can then be 
understood. At the beginning of the reaction, t = 0, it can be assumed that all of the acid is 
still present in the system and the normalised concentration is of the acid is 1. Hence, the 
intensity of light at t = ∞ is indicative of the end of the reaction and the normalised 
concentration of H2SO4 is 0 as it has all be consumed through a neutralisation reaction. 
When the normalised concentration is plotted against time for all polymer amines the rate 




] is the 
concentration of acid, against time, t,  would yield a linear plot and the slope of the line 
would be equal to the rate of the reaction, example plots are shown for polymers 2.02eg 







Figure 3.15. Pseudo first order kinetic plot of the neutralisation of H2SO4 by the amine end 
group polymers a) 2.02eg b) 2.01eg c) 2.11eg. 
 
However, despite theoretical predictions that a first order acid neutralisation reaction should 
take place for the amine polymers, experimentally this was not the case for the polyamines 
and the polymer systems showed a strong deviation from this prediction where at longer 
times the data point began to show a larger decay. It was then believed that perhaps a 
different rate determining step is present in the neutralisation reaction. The first thought is 
that the rate determining step was a second order as the may account for the decay at longer 




] is the normalised 
concentration of acid, against time, t,  would yield a linear plot and the slope of the line 
would  be equal to the rate of the reaction. An example plot is shown for 2.02eg (Figure 






Figure 3.16. Second order kinetic plot of the neutralisation of H2SO4 by the amine end group 
polymers a) 2.02eg b) 2.01eg c) 2.11eg. 
 
All polymer systems investigated showed neither a first nor second order reaction rate. 
Despite the strong deviation at long time points the data shows an exponential relationship 
even at short time points. However, when the raw data was plotted, normalised concentration 
of acid, [H
+
], against time, t, on a semi-log plot a much stronger linear relationship is 






Figure 3.17. A semi-log plot of the neutralisation of H2SO4 by the amine end group polymers 
a) 2.02eg b) 2.01eg c) 2.11eg. 
 
Therefore, for these systems all polymers were compared in a semi-log scale, and the slope 
of the lines was evaluated. Firstly, the end group modified homopolymers were explored, 






Figure 3.18.  A plot to show the relationship between slope of the line from a semi-log plot 
of [H
+
] with times for the end group modified amine homopolymers; PDMAEMA 2.01eg-
2.03eg, PDEAEMA 2.04eg-2.06eg, PMEMA 2.07eg-2.09eg and PPEMA 2.10eg-2.12eg.   
For all polymer systems 2.01eg-2.12eg it can be observed that as the chain length increases 
the slope of the line, which can be related to the rate of the reaction, decreases and thus a 
slower reaction is occurring. Additionally is was observed that the difference between 
different amine functionalities is minimal, therefore the influence of the amine does not seem 
to effect the rate of the reaction in this test for these end group modified homopolymers. 
On the other hand, the end group modified amine copolymers 2.13eg-2.21eg, were also 
evaluated but here the chain length was kept constant and the composition of the chains was 





Figure 3.19.  A plot to show the relationship between slope of the line from a semi-log plot 
of [H
+
] with times for the end group modified amine copolymers; P(DMAEMA-co-LMA) 
2.13eg-2.15eg, P(DEAEMA-co-LMA) 2.16eg-2.18eg, P(MEMA-co-LMA) 2.19eg-2.21eg. 
 
It can be observed that as the amine incorporation decreases the rate of the reaction 
increases, which is in contrast to what would have been expected as these particles each 
possess the lowest amount of amine per assembly. Therefore, the rate determining step is 
believed to be independent of polymer nanostructure – acid droplet collisions. Furthermore, 
following the same trend as the end group modified homopolymers the difference between 
different amine functionalities is minimal. 
As hypothesised, a rate limiting step that is slower than the reaction between the acidic 
proton and the amine base must be present in the neutralisation reaction. Moreover, the rate 
of the reaction is not dependent on the amount of base in each system, thus it can be deduced 
that particle-acid interactions are not the rate determining step. Finally, the logarithmic decay 
indicates that a single mean rate constant for the reaction does not exist and that multiple rate 
constants may be present and therefore a broad decay in acid neutralisation is observed, these 





3.3.4.4. Mechanism of ashless detergent neutralisation. 
From the results in the previous section the data did not fit to a pseudo first order plot which 
would be expected for either mechanism shown in Figure 3.1. For either mechanism shown 
in Figure 3.1 the rate would be dependent on the detergent particles coming into contact with 
the acid droplet. Therefore it can be deduced that for these particles only one mean rate 
constant exists, which is the rate constant for the collision of an detergent particle and acid 
droplet.  
However, the data for these ashless detergents fits best to a logarithmic decay over an order 
of magnitude of time. This logarithmic decay implies that a very broad distribution of rate 
constants exist for this system, specifically that a large range of energy barriers exist in the 
neutralisation process. This broad distribution of rate constants, displayed by a logarithmic 
decay, has been observed previously in glassy polymer domains and internal protein folding 
kinetics, which for this system cannot be related.
32,33
 However, recently a logarithmic decay 
has been observed when the dynamics of polymeric micelle systems are studied in detail. In 
this work it was observed that the exchange of polymer chains between polymeric micelles 
to reach equilibrium follows a logarithmic decay.
34-37
 This was studied by time resolved 
small angle neutron scattering (TR-SANS) experiments using two differently labelled 
polymers (See Chapter 1, section 1.4.1.3. for more details). 
35-37
 This logarithmic decay was a 
consequence of the polydispersity of the core forming block in these micelle systems, which 
results in a range of energy barrier to be overcome. For dynamic micelles, the energy barrier 
for molecular exchange is related to the interfacial tension, , of the core block and the 
solvent and the block length, Nb, given in the form (eqn. 1.7):
38
 
Under ideal conditions a single energy barrier is present and thus an exponential decay (i.e. 
first order rate) is observed.
38
 However, the dispersity of the core block leads to a range of 
energy barriers for the system and hence a much broader logarithmic decay is observed for 







For these polymer systems it is believed that these polymers can indeed reach equilibrium 
and are therefore dynamic (an exchange of unimer chains between micelles) as shown in 
Chapter 2. This conclusion means that at steady state unimers are constantly in exchange 
between polymer micelles in the mineral oil.  This dynamic behaviour produces what is 
believed to be a possible four step mechanism for the neutralisation of acid by these ashless 
detergents (Figure 3.20). 
 
 
Figure 3.20 Mechanism of acid neutralisation from polyamine micelles in mineral oil. a) In 
mineral oil both self-assembled polymer micelles and acid droplet exist; b) initially polymer 
chains leave the polymer micelle and come into contact with the acid; c) surface saturation of 
the acid droplet by the polymer chains is reached; d) polymer chains exchange between local 
polymer micelles and the acid droplet.  
 
In the first step of the possible mechanism (Figure 3.20a) self-assembled micelle structures 
and the acid droplet are present together in the mineral oil where the micelles are in excess in 
the solution. In the second step the dynamic micelles continually exchange chains between 
micelle structures but now begin to exchange with the acid droplet too (for simplicity only 





system are expected to be very fast as the block lengths are very small and the solvent 
selectivity is assumed to be weak (see Chapter 2 for further details). Furthermore, the 
polymer micelles are in vast excess in the oil and therefore surface saturation of the acid 
droplet is expected to be reached almost instantly, and so no noticeable change can be 
detected by the rate testing set up at this point (Figure 3.20c). Once surface saturation is 
reached on the acid droplet the polymer chains will continue to exchange between the acid 
droplet and the polymer micelles in solution, therefore providing a constant reservoir of 
polymer chains to provide a base for neutralisation (for simplicity only the black box region 
is expanded, Figure 3.20d). In a similar manner to that previously seen, the exchange of 
polymer chains between the polymer micelles and acid droplet are dependent on the energy 
barrier given in equation 1.7. Therefore the dispersity of these polymers will lead to a broad 
range of rate constants for the exchange, and as this exchange is the rate determining step a 
logarithmic decay is observed for the neutralisation of acid by these polymeric materials.  
Moreover, the neutralisation data in Figures 3.18 and 3.19 support this proposed mechanism 
further. The energy barrier for molecular exchange of the unimer chains, equation 1.7, the is 
related to the block length of the core forming block. As shown in Figure 3.18 as the block 
length increased the rate of neutralisation decreased, hence a larger core block means a 
higher energy barrier for unimer exchange and therefore more energy is required for the 
polymers to exchange leading to slower observed rates of neutralisation.  
For the end group modified copolymers the block length is similar between systems but the 
rate does show a difference between different amine systems. However, this can be related to 
a difference in the interfacial tension,, between the amine cores and the mineral oil solvent, 
as the amine incorporation decreases the rate of the reaction increases. This can be related to 
a decrease in the interfacial tension and therefore a lower energy barrier is present and as 





To explore this mechanism further a second model polymer system was designed and 
explored in the neutralisation process. Hence, a poly(lauryl methacrylate)100-block-poly(4-
vinyl pyridine)40 , PLMA-b-P4VP diblock copolymer was synthesised (see experimental for 
characterisation details). In the mineral oil it is expected that these polymers will self-
assemble into spherical micelles given their amphiphilic nature where the PLMA forms the 
corona and the P4VP forms the micelle core. This polymer is believed to be frozen due to 
both a very high Tg of the core forming block (Tg (P4VP) = 141 C)
39
 and also having a very 
large energy barrier for molecular exchange, a consequence of a long core forming block and 
the high interfacial tension between the P4VP block and the mineral oil. Therefore it is 
hypothesised that these micelles do not dynamically exchange unimer chains in the mineral 




Figure 3.21. a) Schematic of the PLMA-b-P4VP diblock copolymer; b) schematic of the 
micelle structure formed by the PLMA-b-P4VP diblock copolymer; c) schematic of the 





In support of the hypothesis the rate of acid neutralisation showed a very good fit to a pseudo 
first order reaction (R
2
 = 0.9836), indicating that for these systems a single mean rate 
constant was present (see Figure 3.22). It can be assumed that for these frozen poly(lauryl 
methacrylate)100-block-poly(4-vinyl pyridine)40 diblock copolymers the mechanism of 
neutralisation is the same for those shown in Figure 3.1, that is the base particle must collide 
with the acid droplet.  
Figure 3.22. Pseudo first order kinetic plot of the neutralisation of H2SO4 by poly(lauryl 
methacrylate)100-block-poly(4-vinyl pyridine)40. 
 
Furthermore, this frozen system does not show a logarithmic decay which supports the 
hypothesis that a unimer exchange mechanism is the predominant neutralisation mechanism 










A range of polymeric amines, both homopolymers and copolymers, were produced and their 
potential to act as novel ashless detergents in lubricant formulations was explored. These 
amine homopolymers and copolymers were then subsequently transformed using a simple 
post polymerisation Michael addition at room temperature which alters the RAFT end group. 
In non-polar solvents the amine homopolymers and copolymers spontaneously assembled 
into defined reverse micelle structures, where the amines aggregate to form the core. These 
structures were further explored with respect to their performance as ashless detergents in a 
hydrophobic oil environment. By using a range of techniques the acid dissociation constant 
(which indicates the strength of the base), total base number (which highlights the amount of 
base present) and the rate of acid neutralisation was explored. It was observed that the acid 
dissociation constant was largely governed by the discrete structures in solution and that 
producing nano-environments comprised of amine units an enhanced base strength was 
observed. From the TBN analysis it could be observed that all particles have a high amount 
of base present for acid neutralisation, nevertheless quantitative analysis was limited by the 
applicability of the established test for polymer systems. Finally, the rate of acid 
neutralisation was determined and was found to be extremely structure dependent and a 
unimer exchange process is the rate determining step for the neutralisation. All of the results 
in this Chapter indicate that the range of polymer micelles produced in Chapter 2 can act as 
ashless detergents within the mineral oil.  
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Monomers were filtered through a plug of silica prior to use and stored at 4 °C in the dark. 
AIBN (2,2'-azo-bis(isobutyronitrile)) was recrystallised from methanol and stored in the dark 
at 4 °C. All mineral oils were used as received from BP Technology Centre in Pangbourne. 
All other materials were used as received from Aldrich, Fluka, and Acros. Dry solvents were 
used directly from a drying and degassing solvent tower delivery system. Polymers 2.10-2.21 
and 2.01eg-2.21eg were synthesised and assembled previously (see Chapter 2 for details). 
3.6.2. Synthesis 
3.6.2.1. Polymerisation of poly(lauryl methacrylate) 
A solution of the lauryl methacrylate (120 eqv), AIBN (0.2 eqv) and 2-cyano-2-propyl 
dithiobenzoate (CPDB) (1 eqv) in 1,4-dioxane (1:1 volume to monomer) was added to a dry 
ampoule containing a stirrer bar. The solution was degassed using at least 3 freeze-pump-
thaw cycles, back filled with nitrogen, sealed and placed in a pre-heated oil bath at 70 °C. 
After 6 h the polymerisation was quenched by liquid nitrogen, 1,4-dioxane removed in vacuo 
and the crude reaction was diluted with the minimum amount of dichloromethane (CH2Cl2) 
and the polymer was precipitated into cold methanol and isolated by filtration. Precipitation 
was repeated a further two times to afford a pink polymer. MnNMR = 25.6 kDa, MnSEC= 
27.1 kDa, ÐSEC= 1.12. δ (ppm) 
1
H NMR (400 MHz, CDCl3): δ (ppm) 7.85 (d, 
3
JH-H = 8.1 
Hz, 1H Ar end group), 7.55 (t, 
3
JH-H = 7.4 Hz, 2H Ar end group), 7.41 (t, 
3
JH-H = 8.1 Hz, 2H 
Ar end group), 3.90 (br t, 2H, OCH2CH2(CH2)9CH3), 1.94 (s, 6H, end group), 1.70 (br t, 2H, 
OCH2CH2(CH2)9CH3), 1.20-1.30 (br t, 18H, OCH2CH2(CH2)9CH3), 1.00-2.00 (br m, 





3.6.2.2. Chain extension of poly(lauryl methacrylate) with 4-vinyl pyridine.  
A solution of the lauryl methacrylate (120 eqv), AIBN (0.2 eqv) and 4-vinyl pyridine (60 
eqv) in 1,4-dioxane (1:1 volume to monomer) was added to a dry ampoule containing a 
stirrer bar. The solution was degassed using at least 3 freeze-pump-thaw cycles, back filled 
with nitrogen, sealed and placed in a pre-heated oil bath at 70 °C. After 6 h the 
polymerisation was quenched by liquid nitrogen, 1,4-dioxane removed in vacuo and the 
crude reaction was diluted with the minimum amount of dichloromethane (CH2Cl2) and the 
polymer was precipitated into cold methanol and isolated by filtration. Precipitation was 
repeated a further two times to afford a pink polymer. MnNMR = 30.9 kDa, MnSEC= 33.2 kDa, 
ÐSEC= 1.16. 
1
H NMR (400 MHz, CDCl3): δ (ppm) 8.40 (br t, 4H, CH2 (CH2)2(CH3)2 N), 7.85 
(d, 
3
JH-H = 8.1 Hz, 1H Ar end group), 7.55 (t, 
3
JH-H = 7.4 Hz, 2H Ar end group), 7.41 (t, 
3
JH-H 
= 8.1 Hz, 2H Ar end group), 6.90 (br t, 4H, CH2 (CH2)2(CH3)2 N), 3.90 (br t, 2H, 
OCH2CH2(CH2)9CH3), 1.94 (s, 6H, end group), 1.70 (br t, 2H, OCH2CH2(CH2)9CH3), 1.20-
1.30 (br t, 18H, OCH2CH2(CH2)9CH3), 1.00-2.00 (br m, backbone) 0.80 (br t, 3H, 
OCH2(CH2)10CH3). 
3.6.3. Micelle preparation of the amine polymers in mineral oil. 
Micelle solutions were prepared by adding mineral oil solvent to the dried polymer powder 
to a concentration of 1 wt% and were heated whilst stirring to 70 C for 2 h and then allowed 
to cool to room temperature under ambient conditions prior to analysis. 
3.6.4. Polymer characterisation 
3.6.4.1. 1H Nuclear Magnetic Resonance (NMR) spectroscopy 
1
H NMR spectra were recorded on a Bruker DPX-400 spectrometer in CDCl3. Chemical 





3.6.4.2. Size exclusion chromatography 
Size exclusion chromatography (SEC) measurements were performed with chloroform 
(CHCl3) with 2.5% volume of NEt3 at 40 C as an eluent at a flow rate of 1 mL/min, both on 
a set of two PLgel 5 μm Mixed-D columns. The molecular weights of the synthesised 
polymers were calculated relative to poly(styrene) (PS) standards from refractive index 
chromatograms. 
3.6.4.3. Potentiometric titration 
Potentiometric titration was performed at room temperature with an automatic titrator 
(Mettler Toledo G20) controlled by LabX software. 40 mL of solution was used for each 
potentiometric titration experiment. For the titrations in water the polymers were first 
dissolved at α = 1 with 1.1 excess of 1 M HCl and then back-titrated with 0.1 M NaOH. For 
the titrations in acetonitrile the polymers were solubilised by direct dissolution. 
For the titrations in water the addition of NaOH 0.1 M titrant was added at volume 
increments of 5-50 L at 180 s intervals.  For the titrations in acetonitrile the addition of 
glacial acetic acid titrant was added at volume increments of 0.5-5 L and spaced with 180 s 
intervals.  From the raw titration data the total amount of titrable amine units was calculated. 
Using equation 3.14 the potential of the acetonitrile solution can be related to the pH. 











Table 3.1. Potentiometric titration data of 2.01-2.12 and 2.01eg-2.12eg back titrated with 















2.01 1.0 6 7.6 
2.01eg 1.2 7.4 7.9 
2.02 2.3 7.4 10 
2.02eg 2.5 7.6 10.3 
2.03 85 7.4 8 








2.04 1.2 7.1 9.8 
2.04eg 1.4 7.7 10.5 
2.05 2.3 7.9 10.1 
2.05eg 2.5 8.7 11.2 
2.06 86 7.9 9.7 






2.07 1.1 4.8 4.8 
2.07eg 1.3 5.1 5 
2.08 2.2 4.9 5.1 
2.08eg 2.4 5.1 6.5 
2.09 81.0 4.9 8 






2.10 1.2 7.5 8.9 
2.10eg 1.4 7.4 9.2 
2.11 2.3 7.6 9.1 
2.11eg 2.5 7.4 9.3 
2.12 85.0 7.6 9.2 





H NMR spectroscopy. 
b
Determined by potentiometric titration in water 
using NaOH as the titrant in water. 
c
Determined by potentiometric titration in acetonitrile 






Table 3.2 Potentiometric titration data of 2.13-2.15 and 2.13eg-2.15eg titrated with glacial 
acetic acid in acetonitrile. 





















 2.13 25 75 3.5 8 
2.14 50 50 3.2 7.8 
2.15 75 25 4.2 7.6 
2.13eg 25 75 3.6 8.2 
2.14eg 50 50 3.5 8 











 2.16 25 75 2.1 8.9 
2.17 50 50 2.3 8.6 
2.18 75 25 2.3 8.1 
2.16eg 25 75 2.2 9.7 
2.17eg 50 50 2.3 9.4 









 2.19 25 75 3.2 5.2 
2.20 50 50 2.9 5.2 
2.21 75 25 3.3 5.1 
2.19eg 25 75 3.4 6.8 
2.20eg 50 50 3.1 6.8 




H NMR spectroscopy. 
b
Determined by potentiometric titration in 
acetonitrile using glacial acetic acid as the titrant. 
 
3.6.4.4. Total base number (TBN) analysis, ASTM-D2896. 
Total base number analysis was undertaken following a modified ASTM-D2896 protocol. 
Here the polymers were solubilised in dimethyl sulfoxide (DMSO) instead of a 
chlorobenzene.  
The polymers were titrated using an automated system with a solution of perchloric acid in 





perchloric acid and the end point is noted and the TBN can be calculated from equation 
(3.15) 
3.6.4.5. Rate of acid neutralisation analysis by UV-Vis spectroscopy 
The rate of neutralisation was undertaken with a specialised home built micro-neutralisation 
UV-Vis system at the BP Technology Centre in Pangbourne using a similar protocol as seen 
previously.
9
 250 L of a 1 wt% amine polymer in mineral oil was added to a glass cuvette 
and heated to 70 C, 0.6 L of 0.1 M H2SO4 with methyl yellow is added to the cuvette at 
which point UV-Vis measurements are started, addition of the acid droplet indicates t = 0. 
UV-Vis measurements are taken at regular intervals over 30 minutes.  
Table 3.5. Rate of neutralisation data of 2.01eg-2.12eg by UV-Vis spectroscopy. 












DMAEMA 1.0 0.0155 
2.02eg 
DMAEMA 2.3 0.0077 
2.03eg 
DMAEMA 85.0 0.0007 
2.04eg 
DEAEMA 1.2 0.0149 
2.05eg 
DEAEMA 2.3 0.0072 
2.06eg 
DEAEMA 86.0 0.0009 
2.07eg 
MEMA 1.1 0.0146 
2.08eg 
MEMA 2.2 0.0069 
2.09eg 
MEMA 81.0 0.0007 
2.10eg 
PEMA 1.2 0.0143 
2.11eg 
PEMA 2.3 0.0086 
2.12eg 




H NMR spectroscopy. 
b
Determined using a log fit to the raw neutralisation 





Table 3.6. Rate of neutralisation data of 2.13eg-2.21eg by UV-Vis spectroscopy. 
Polymer mol% Amine
 a















2.13eg 25 75 2.6 0.0072 
2.14eg 50 50 2.2 0.0055 
2.15eg 75 25 2.3 0.0041 
2.16eg 25 75 2.0 0.0096 
2.17eg 50 50 2.1 0.0086 
2.18eg 75 25 2.2 0.0055 
2.19eg 25 75 2.9 0.0085 
2.20eg 50 50 2.9 0.0077 




H NMR spectroscopy. 
b
Determined using a log fit to the raw neutralisation 
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4. Tuning the aggregation behaviour of pH responsive 
polymers by copolymerisation 
 
4.1. Abstract 
Amphiphilic diblock copolymers, poly(2-(diethylamino)ethyl methacrylate–co–2-
(dimethylamino)ethyl methacrylate)–block–poly(2-(dimethylamino)ethyl methacrylate, 
P(DEAEMA-co-DMAEMA)-b-PDMAEMA with various amounts of DEAEMA have been 
synthesised by RAFT polymerisation. In water their micelle formation has been investigated 
by scattering measurements over a wide pH range. It appeared that the polymers self-
assembled into pH sensitive star like micelles. For a given composition, when the pH is 
varied the extent of polymer aggregation can be adjusted reversibly over orders of 
magnitude. When the copolymer composition in the hydrophobic block was varied, the onset 
and extent of aggregation was shifted with respect to pH. This class of diblock copolymers, 
with a copolymer associating block offers the possibility to select the range of stimuli-
responsiveness that is useful for a given application, which can rarely be achieved with 











In a selective solvent, and above a critical aggregation concentration (CAC), amphiphilic 
block copolymers aggregate by the association of the solvophobic blocks into micellar cores, 
surrounded by a corona made of the solvated solvophilic blocks, which can minimise the 
enthalpic costs of the contact between solvent and solvophobic monomer.
1-3
  
It has been shown both theoretically and experimentally that the physical natures of both the 
solvophobic and solvophilic blocks influence the aggregation and the equilibrium behaviour 
of such polymer micelles. Longer core solvophobic blocks cause increased aggregation 
numbers, because of the decreased head group area which alters the packing parameter, and 
slower exchange kinetics.
4,5
 Slower exchange kinetics occur as a consequence of increased 
chain entanglements, increased friction between chains and a larger energy barrier for 
exchange.
6-8
 Longer solvophilic corona blocks give decreased aggregation numbers since the 
relative area of the head group becomes larger which modifies the core-solvent interactions 
and packing parameters.
9
 Chemically the influence on aggregation is much more varied but 
in general increasing the solvophobicity of the core forming block through monomer 
chemistry will cause an increase in the aggregation number from the increased surface 
energy of the micelle core which is reduced by aggregation, and a reduction in the exchange 
kinetics at equilibrium,
10,11
 resulting from a higher interfacial tension between the 




The extensive literature on block copolymer micelles in the literature has focused on pure 
homopolymeric blocks, however, as mentioned the self-assembly behaviour is relative to the 
associating block and as such these homopolymeric blocks severely restrict said behaviour. 
Despite the relative success of these homopolymeric diblocks the predominant limitation is 





It should be noted that homopolymeric amphiphilic block copolymers will often form 
“frozen” out of equilibrium structures and rarely show true enthalpy governed assembly with 
dynamic behaviour and critical micelles concentrations (CMCs) like surfactant micelles.
14,15
 
These “frozen” structures are largely a result of two factors; the first is a glass transition 
temperature (Tg) above experimental conditions; which will restrict core block mobility and 
prevent coalescence of particles,
3,16,17
 the second is due to large solvophobicity of the core 
forming block or large block length, producing a large activation energy barrier for 
molecular exchange regardless of Tg.
7,18,19
 Consequently the structures formed by “frozen” 
micelles are largely dependent on the dispersion of the polymer and show little or an 
irreversible response to external stimuli.
16,20,21
  
A promising new strategy has been proposed to circumvent these problems, by simply 
copolymerising the solvophilic monomer into the solvophobic block, a moderately 
solvophobic block can be formed. Throughout the literature it is known that stimuli 
responsive monomers can be copolymerised with non-responsive or differently responsive 
monomers to produce a broad range of behaviours.
22
 For example, statistical copolymers of 
pH sensitive and inert monomers exhibited an ionisation behaviour dependent on the non-
responsive monomer content.
23,24
 Lutz et al showed that lower critical solubility temperature 




Given the exciting possibilities of these new systems only a few reports exist where a stimuli 
responsive copolymer block forms the solvophobic block(s) of the polymer. Moreover these 
reports study polymers which all contain permanently hydrophobic units present, e.g. styrene 
and butyl (meth)acrylate, within the moderately solvophobic copolymer block.
27-36
  
Nevertheless these reports show that the moderately solvophobic copolymer block can vastly 
change the properties of the self-assembled micelles. By varying the copolymer composition 





energy of the micelle system also changes. These parameters are key in the behaviour of 
self-assembled structures.  Moreover, unlike thermodynamically frozen micelles the 
aggregation and dynamics of self-assembly for this new class of diblock copolymer could be 
controlled by stimuli, in these cases pH.
27,28,30-32
 Therefore by introducing responsive units 
into the associating block the effective solvophobicity is reduced and these copolymer 
diblock polymers can overcome the kinetic restraints and form structures that are under 
thermodynamic control, offering improved behaviour over conventional amphiphilic 
homopolymeric blocks as equilibrium structures are reproduced irrespective of assembly 
pathway. For example Lejuene et al synthesised a poly(n-butyl acrylate-co-acrylic acid)-
block-poly(acrylic acid), P(nBA-co-AA)-b-PAA, diblock copolymer and analysed the 





Figure 4.1. SANS curves for P(nBA-co-AA)-b-PAA diblock copolymer at 20 g/L in the 
presence of 0.3 M NaCl and at α = 0.1 (Direct dissolution ●, lowered from α = 0.5 ○), α = 
0.5  (raised from α = 0.3 ▼, lowered from α = 0.9 ▽), α = 0.9 (raised from  α = 0.1 brought 
to 0.9  in 3 steps ◇, raised from α = 0.1 brought to 0.9 in 2 steps ◆).32 Note: regardless of 






PDEAEMA, poly(diethylaminoethyl)methacrylate containing diblock copolymers are widely 
used as pH responsive diblock copolymers in aqueous media, as a consequence of the 
increase in hydrophobicity upon deprotonation. Gast and co-workers studied 
poly(dimethylaminoethyl)methacrylate-block-poly(diethylaminoethyl)methacrylate, 
PDMAEMA-b-PDEAEMA, polymers in depth using an array of assembly methods and have 
shown that these polymers form spherical micelles in aqueous solution depending on the 
degree of ionisation of the polymer.
37,38
 Analysis of DEAEMA diblock copolymers by stop 
flow techniques concluded that the polymers micellise via a two-step fusion/fission 
mechanism which is incredibly similar to the formation of frozen micelles.
39-41
 Adams and 
co-workers have also used different pathway preparation techniques to show that different 
structures can be formed depending on the pathway used for Poly(ethylene oxide) – block – 
poly(diethylaminoethyl)methacrylate, PEO-b-PDEAMA, diblock copolymer (Figure 4.2).
42
 
Although the results regarding pH responsive micelles with a DEAEMA core suggest that 
they form out of equilibrium structures the dynamics of the system are still unknown.   
 
Figure 4.2. TEM images of PEO-b-PDEAMA diblock copolymer prepared by quenching a 




Therefore, in this chapter the introduction of solvophilic units into the solvophobic blocks is 
discussed in particular for a series of P(DEAEMA-co-DMAEMA)-b-PDMAEMA diblock 





that the pH region where the polymer micelles exist can be shifted with respect to the 
relative copolymer composition of the associative block. Furthermore the extent of 
aggregation can be tuned over larger orders of magnitude by slight variations in stimulus, 
owing to the high pH sensitivity of the core.  Given the responsive nature of this proposed 
system it is necessary to distinguish the difference between reversibility from stimuli and 
dynamic exchange at equilibrium. Although the dynamics of systems with a PDEAEMA 
core block is unknown, observations show that the aggregation number and structure can 
vary with ionisation.  It cannot be concluded that different ionisation values gave frozen or 
dynamic micelles, as the system could indeed be frozen at both ionisations but dynamic at an 
intermediate value. On the other hand the small changes seen in the micelle structure over a 
range of changes in stimuli one could assume that the system has reorganised within the 
given range, but it might be uncertain if this change is reversible.
14
 
By synthesising a series of polymers with varying degrees of responsive monomer present, it 
is possible to understand and quantify the nature of a moderately responsive block. To truly 
understand the effect of moderating the responsive block, the core block length must be kept 
constant. As mentioned before the physical properties of the polymer blocks can have great 
implications on self-assembly. For that reason, the synthesis of the polymers must be 
controlled to allow for similar block lengths and to minimise the energy barrier difference 
between different polymers.
18,43
 Additionally, the need for a polymerisation technique to 
afford copolymers of controlled length and tolerance to functional groups was desired.  In 
order to achieve this, reversible addition fragmentation chain transfer, RAFT, polymerisation 
was selected for polymer synthesis in this Chapter.
44,45
  
The objective of this work was to develop a new system with responsive units to modify the 
nature of the solvophobic block in polymer micelles. To both tune the aggregation and the 
equilibrium behaviour of polymeric micelles in aqueous media, which produces a larger 





and dynamics with respect to ionisation dynamic light scattering (DLS), static light 
scattering (SLS), small angle X-ray scattering (SAXS) and cryogenic transmission electron 
microscopy (cryo-TEM), were to be used 
4.3. Results and Discussion 
4.3.1.  Synthesis and Molecular Characterisation of P(DEAEMA-co-
DMAEMA)-b-PDMAEMA diblock copolymers 
 
Figure 4.3. Diagram representing how the composition of the core block was varying by 
changing the ratios of DEAEMA and DMAEMA. 
 
4.3.1.1. Synthesis of P(DEAEMA-co-DMAEMA)-b-PDMAEMA diblock 
copolymers by RAFT polymerisation 
The P(DEAEMA-co-DMAEMA)-b-PDMAEMA diblock copolymers were synthesised in 
two steps. First, various copolymer PDEAEMA-co-PDMAEMA macroCTAs were 
synthesised with equal block lengths by RAFT polymerisation using various ratios of 
DMAEMA and DEAEMA, AIBN as a radical initiator, 1,4-dioxane as the solvent at 70 °C 
and 2-cyano-2-propyl benzodithioate (CPDB) as the CTA (Scheme 4.1). After 7 h of reaction 
the polymerisation reactions were quenched in liquid nitrogen, dialysed against nanopure 





Scheme 4.1. Copolymerisation of DMAEMA and DEAEMA and chain extension with 
DMAEMA by RAFT polymerisation. 
 
To confirm the composition of the copolymer macroCTAs, reactivity ratios were calculated 
using a method developed by van Herk.46 Both F1 (mol fraction in the copolymer) and f1 
(mol fraction in monomer feed) values were used to determine the reactivity ratio of the 
monomers for the macroCTAs. The values for r1 and r2 were as follows; 
DMAEMA/DEAEMA r1= 1.140, r2=0.824  r1r2 = 0.939 (Figure 4.4).
47 This shows a near 
ideal copolymerisation, it can be deduced that there is no block or gradient like nature for 
this copolymer. The responsive monomer, DEAEMA, is evenly distributed throughout the 
block, RAFT polymerisation allows for the living chains to grow simultaneously to one 
another and as such the assumption is that all chains will have the same microstructure.48 
 






 All polymers were subsequently chain extended with DMAEMA, Scheme 4.1, which gave 
diblock copolymers with a controlled incorporation of responsive monomer, known 
molecular weights and low dispersity (Ð < 1.2). Similar blocks lengths (30-35) were 
synthesised for all polymers, Table 4.1. 
 













4.1 0.32 35 30 10.7 13.8 1.16 0.125 
4.2 0.65 36 35 12.3 14.2 1.12 0.122 
4.3 0.76 25 34 10.0 12.8 1.18 0.127 
4.4 0.91 28 32 10.4 13.5 1.10 0.127 
a
 Determined by 
1
H NMR spectroscopy using the signals at 4.20 ppm and 2.10 ppm.
b
 
Determined by end-group analysis from 
1
H NMR spectroscopy. 
c
 From SEC based on 
poly(methyl methacrylate) standards.
d
 By differential refractometry.  
 
4.3.1.2. Ionisation behaviour 
For diblock copolyelectrolytes it has been concluded that ionisation behaviour is different to 
that of simple homopolyelectrolytes.
29
 Moreover for the system studied here both monomers 
in both blocks can be ionised. Therefore we explored how the microstructure of the diblock 
copolymers altered their ionisation behaviour via potentiometric titration experiments.  
Knowing the molecular weight and DP of the diblock copolymers, the moles of ionisable 
units in solution can be calculated. All of the polymers were soluble in pure water with a 1.1 
stoichiometric excess of HCl 1M to ionisable units. Subsequently these solutions 
(approximately 2.4  10-4 M) were back titrated with NaOH 0.1 M. This allows for the 





degree of ionisation following equation (4.1) and the equilibrium that exists between the 
ionisable groups in solution and the acidic protons (4.2). 
   
[    
    ]
[        ]
  (4.1) 
For complete protonation of amine units, α = 1 and for complete deprotonation of amine 
units, α = 0. 
    
 𝐶    𝐶 +      (4.2) 
 
Figure 4.5. Evolution of ionisation degree α, with pH for the diblock copolymers, 4.1 - 4.4.  
 
On inspection of the evolution of α with pH for each diblock copolymer (Figure 4.5, 4.1 to 
4.4) one can observe the ionisation behaviour of each system. Interestingly for all polymers 
herein regardless of the amine location on the chain, core or coronal forming blocks, all 
amines can become ionised and subsequently deionised. Nonetheless, at low ionisation 
values it was observed that deprotonation of the amines is more difficult as it requires a 
higher pH. Considering the amphiphilic nature of the polymer at low ionisation values this 
observation can be ascribed to the presence of star shaped micelles at low ionisation values,
49
 





cost of repulsive charges.
50
 The condensation of counter ions causes the Debye length in this 
region to increase and causes a screening of the charges on the repeat units, impeding the 
subsequent deprotonation of the adjacent units.
51
  
However, although the ease of protonation varies with pH it should be noted that the overall 
acidity does not vastly change between systems although the copolymer composition does 
(Figure 4.6). It can be concluded that the relationship of composition to ionisation is 
relatively weak for this series of diblock copolymers despite being structurally very different 
to homopolyelectrolytes.  
Figure 4.6. Evolution of ionisation degree α, with apparent pKa for the diblock copolymers, 
4.1 - 4.4.  
 
4.3.2. Aqueous Solution Properties 
4.3.2.1. Pathway dependence on the self-assembly 
As mentioned in the introduction, although a system may reorganise after a perturbation to 
the system this does not necessarily conclude that the change is reversible or that the system 
is at thermodynamic equilibrium. In a previous report by Jacquin
52





acrylate)-block-poly(acrylic acid) diblock copolymers respectively, demonstrated that 
morphology changes arose when then ionisation of the polyelectrolyte was varied, however, 
the changes in the morphology of the aggregates was irreversible, indicating that the system 
is indeed still frozen. Consequently if non-reversible pH-sensitive behaviour is observed then 
it can be deduced that the aggregates in solution are indeed out-of-equilibrium “frozen” 
structures. These structures would have characteristics and properties on both the nano and 
macro scale that are strongly dependent on the method of dispersion.
4,20
 
Therefore it is highly important to understand if the perturbation by pH on the system is 
reversible, and also if the influence of composition influences this behaviour further. To 
analyse if the reorganisation of the system with pH is reversible two pathways of pH change 
were used and the structures analysed by LLS. Figure 4.7 shows the two pathways for 
understanding the reversibility (see the experimental section for details of sample 
preparation). Briefly, the pathways consist of reaching a target ionisation either from raising 
the ionisation by subsequent protonation of the system (pathway B) or by lowering the 
ionisation by incremental deprotonation by base additions (pathway A). All the experiments 








Figure 4.7. Schematic showing the two pathways (A and B) used for the reversibility testing. 
 
As can be seen in Figure 4.8, regardless of pathway for the aggregates the Nagg for the 
aggregates varies with both ionisation and copolymer composition. It can be observed that 
for some ionisation values the two pathways do not lead to identical structures, this is 
highlighted strongly for polymer 4.4, but the both structures are very similar from either 
pathway. This similarity between structures regardless of pathway shows that the pH induced 
perturbation is reversible and moreover the system appears to be under thermodynamic 
control. This thermodynamic control renders these polymers highly interesting for different 






Figure 4.8. Evolution of Nagg with increasing (pathway B) or decreasing (pathway A) the 
ionisation for 4.2, 4.3 and 4.4 at 2.5 g/L 0.1 M NaCl solution. 
 
This reversible behaviour and thermodynamic control for all of the diblock copolymers 
suggests that the aggregates are dynamic in nature. Therefore it is proposed that the 
hydrophobic blocks can escape the micelle core, diffuse through the solvent and re-enter a 







 would be needed to 
probe quantitatively the dynamics of the unimer exchange mechanism but it can be 
concluded, however, that the system is dynamic and no preparation pathway dependence 
exists. 
It should be noted that in these studies the salt concentration (NaCl) was adjusted after α was 
reached. However, it was also explored how the polymer would disperse and how the 
structures would change when the polymers were assembled in the presence of salt, 0.1 M 






Figure 4.9. Diagram to represent the two pathways to understand the influence of salt. a) Salt 
added after α was reached. b) salt added whilst α was reached. 
 
From Table 4.2 it is noted that although the size of the micelle aggregates are very similar 
within experimental error, the Nagg values obtained for the addition of salt during self-
assembly are much larger in comparison to the addition of salt after self-assembly, up to 3 
times larger. It was initially believed that the presence of salt slows down the kinetics of 
exchange and thus longer times are needed for the polymer micelles to reach equilibrium and 








Table 4.2. Characteristics of 4.2 and 4.3 at α = 0 and with salt added during or after 
assembly. 
Polymer Nagg salt after Rh salt after 
(nm) 
Nagg salt during Rh salt during 
(nm) 
4.2 21 9.5 82 12.3 
4.3 46 10.5 143 15.3 
 
 
Figure 4.10. Relaxation time distributions for 4.3 at α = 0 with salt added after or during 
assembly. 
 
However, after extended periods of time (approximately 2 months) no significant change 
was observed from the initial Nagg value (both values are within 10%). It can be deduced that 
in the presence of salt long lasting metastable aggregates are formed, similar to results 
observed by Colombani et al for poly(n-butyl acrylate)-block-poly(acrylic acid), PnBa-b-
PAA, diblock copolymers.
9
 These metastable states are produced due to the poor dispersion 
of the polymer chains in the presence of salt. The solvation of the polyelectrolyte chains is 
largely due to the entropic gain upon the dissociation of counter ions into the solution. 





prevented, causing large stable aggregates to remain in solution.  Therefore for all further 
experiments the salt concentration was adjusted after the targeted α value was reached.  
4.3.2.2. Influence of DEAEMA incorporation 
For the following section all polymers were prepared by firstly completely protonating the 
sample and then subsequently deprotonating the sample, thus lowering α from 1 to 0 through 
addition of 1 M NaOH. Although the system shows no pathway dependence, the same 
sample pathway using method 1 was used for all samples. 
 For some of the polymer systems, typically at high α when the scattering of the polymer 
aggregates is relatively low, relaxation distributions from DLS showed two modes of 
relaxation. The first mode is the polymer of interest and the second mode can be attributed to 
spurious aggregates with a negligible weight fraction but larger scattering intensity.55-57  The 
intensity auto correlation function, g2(t), was analysed using an inverse Laplace 
transformation (REPES) assuming a continuous distribution of relaxation times.58 Therefore 
with REPES multiple modes of relaxation can be examined. By taking the concentration of 
the fast mode to be that of the concentration of the solution detailed light scattering analysis 







Figure 4.11. Plot of KC/R vs q
2
 for treated and raw data for polymer 4.3 at 10 g/L, α = 0.8 
in 0.1 M NaCl. 
 
To investigate the influence of DEAEMA in the core forming block on the solution self-
assembly behaviour a range of solutions for each DEAEMA content were prepared to 
specific α values, and the solution properties were analysed. Figures 4.12 a and b represent 
respectively the evolution of the aggregation number and the hydrodynamic radius of the 
polymers with the ionisation degree as measured by static and dynamic light scattering. For 
the polymer with the lowest DEAEMA incorporation, polymer 4.1, regardless of ionisation 
there is no observed significant change in the Rh and Nagg. Furthermore for this polymer 
system Nagg is ca 1 within experimental error for all α values studied; because of this the 
values of Rh can then act as a reference for single unimer chains in solution as at all other 









Figure 4.12. a) Evolutions of Nagg with α for polymers 4.1, 4.2, 4.3 and 4.4. b) Evolutions of 
Rh with α for polymers 4.1, 4.2, 4.3 and 4.4. Lines are to serve as guides.  
 
On the other hand, all other polymers 4.2 - 4.4 show that when ionisation is varied both Rh 
and Nagg change significantly. Notably, large changes in the behaviour were observed 
although there are only subtle differences in the composition of the core forming block. 
What is most prominent is that the onset of aggregation with respect to ionisation is 
dependent on the DEAEMA content, explicitly as the DEAEMA content is increased the 
onset of aggregation is shifted to higher α values.   
Polymer 4.2 only self assembles once the degree of ionisation is less than 0.1 and this 
polymer does not show an upper limit for its aggregation in the ionisation regime studied 
herein.  Similarly this behaviour is exhibited with both 4.3 and 4.4, again when the 
DEAEMA content is increased the onset of aggregation is increased, as the aggregation of 
4.4 starts below  = 0.8, whereas  must be lower than 0.5 for aggregation of polymer 4.3.  
However, in contrast to 4.2, 4.3 and 4.4 both present a plateau and upper limit to their 
aggregation which is observed when ionisation is less than 0.1.  
From the potentiometric studies and understanding the Henderson–Hasselbalch equation, 





observed that a wide pH regime exists (pH 7 – 10) where the aggregation of the polymers 
can be precisely controlled (Figure 4.11).  Furthermore these polymers exhibit highly pH-
sensitive aggregation as large changes in aggregation are produced from slight changes in pH 
and in turn ionisation degree, α. These diblock copolymers with a statistical associating 
block offer great benefits over conventional diblock copolymers as the pH sensitive 
structures can be elegantly controlled by small variations in core block composition.  
 
Fig. 4.13. a) Evolutions of Nagg with pH for polymers 4.1, 4.2, 4.3 and 4.4.  b) Evolutions of 
Rh with pH for polymers 4.1, 4.2, 4.3 and 4.4. Lines are included as a guide for the reader. 
 
DLS measurements of the solutions at 2.5 g/L showed a gradual shift in the distribution of 
relaxation times for the fast mode versus ionisation after a critical ionisation degree is 
reached (Figure 4.14a example is for 4.3). This is attributed to the aggregation of the 
polymer chains in star like micelles where P(DMAEMA-co-DEAEMA) forms the core. 
Additionally the dispersity of the fast mode of relaxation does not increase but remains 
constant or drops which is indicative of the closed micelle association mechanism.
59
 On the 
other hand the gradual increase in the relaxation time for the fast mode is related to an open 
association mechanism.
55





polymers at α = 0 for different concentrations we can begin to understand the mechanism 
further.  
From the relaxation distributions of the fast mode it is evident that an increase in 
concentration gave a decrease in the dispersity of the polymeric micelles for all polymers 
examined, example shown is for 4.3, Figure 4.14b. This is strong evidence of a closed 
association of micelle formation. The higher dispersity value is a consequence of free unimer 
chains in solution in equilibrium with the micelles, as the concentration increases the 
contribution of scattering intensity of these free chains diminishes and thus the dispersity 
decreases. This phenomenon is much weaker at higher DEAEMA incorporations. Hence this 
behaviour is a consequence of a lower critical aggregation concentration (CAC) due to the 
increase in hydrophobicity. The decrease in CAC would produce fewer free unimer chains in 
solution and as such the dispersity of the distribution shows little change with concentration.  
 
Figure 4.14. a) Intensity weighted distribution of relaxation times for 4.3 at 2.5 g/L in a 0.1M 
NaCl solution with varying the ionisation, α = 0 – 0.8, measured at  = 130°. b) Effect of 
concentration on the intensity weighted distribution of relaxation times for 4.3, measured at 
 = 130°, α = 0.  
 
Although the -sensitive aggregation behaviour may appear expected where an increase in 
hydrophobic DEAEMA content increased aggregation, aggregation of polymer chains into 





consequently many polymers will not follow such aggregation trends. For this diblock 
copolymer system the aggregation is driven by the balance between two opposing factors. 
The first is an increase in charges along the polymer backbone, these charges which gives 
increased hydrophilicity to the polymer and also cause solvation of the core. The second 
effect is that as the DEAEMA incorporation is reduced the effective hydrophobicity of the 
polymer is reduced. This in turn leads to a lower α value being needed for the polymers to 
aggregate. The subtle balance between these factors allows a wide range of structures to be 
easily accessed over a precise pH range. 
From the structure of the polymer and the Nagg and Rh values obtained, it is reasonable to 
expect that the polymers will aggregate forming a spherical core-shell micelle 
morphology.
60,61
 From knowledge of micelle geometry and understanding that the copolymer 
would block would form the micelle core and the DMAEMA homopolymer block would 
form the corona the use of theoretical models (see experimental for model details) can be 
used. Consequently, structural characteristics can be calculated and therefore it can be 
deduced that these polymers do indeed form star like micelles, involving a dense core 
composed of the copolymer block surrounded by a partially extended corona formed by the 
homopolymer DMAEMA (see Tables 4.3 – 4.5).  
The first polymer system investigated was 4.1, here the DEAEMA content is the lowest, 
32%. As observed from LLS this polymer did not assemble at any α values investigated. 
Therefore the core-corona micelle model could not be applied to this system as the polymer 




















 Determined by SLS, Mw is the weight-average molecular weight of the scatterers. 
b
 
Determined from DLS.  
 
The second polymer system was 4.2, here the DEAEMA content is 65% in the core forming 
block. For this polymer system the polymers do aggregate to form micelles but only at α = 0. 
From the core-coronal model it can be observed that polymers form a start like micelle and 






















(nm) ± 10% 
0 13 1.2 3.0 
0.1 12 1.1 2.5 
0.25 13 1.3 2.7 
0.5 12 1 3.0 
0.8 13 1.5 2.9 





Table 4.4. Characteristics of 4.2 with varying ionisation. 
 
a
 From SLS, Mw is the weight-average molecular weight of the scatterers. 
b
 Determined from 
DLS. 
c




eFor polymers above α = 0 the model of “core-corona” is no longer 
applicable. 
 
The third system was 4.3 where the DEAEMA content is 76%. For this system additional 
SAXS analysis was also undertaken and the results corroborated with LLS. For this system 
the polymers assemble below α = 0.25 and the characteristics fit well to a star like micelle. It 
can be observed that as the ionisation degree is lowered the micelles core expands and the 



























0 256 21 9.5 3.9 64 
0.1 58 5 3.1 
e e 
0.25 21 2 2.4 
e e 
0.5 25 2 2.5 
e e 
0.8 25 2 3.2 
e e 






Table 4.5. Characteristics of 4.3 with varying ionisation. 
a
 From SLS, Mw is the weight-average molecular weight of the scatterers. 
b
 Determined from 
DLS. 
c




 Determined with the 
Guinier-Porod model. 
e
 Determined with the Debye model.
f
 Calculated from equation 7 




For polymers above α = 0.25 the 
model of “core-corona” is no longer applicable. 
 
The final system was 4.4, this system has the highest DEAEMA content, 91% in the core 
forming block. Similar to 4.3 this polymer only assembles into star like micelles for α < 
0.25. However, for this system larger core sizes were calculated, a result of an increased 
aggregation number and thus more polymers form the densely packed core for these 
micelles. Furthermore the chain stretching of this system is lower than that of 4.3 which 
indicates that the space occupied by each coronal chain is less and thus less stretching is 
needed to balance the enthalpy. It can also be observed that the Nagg and Rh for α = 0.5 is 
larger than unimers, although the star like micelle does not fit well here it is believed that 
this is a small aggregate but not a well-defined structure. 
 
 




























0 556 46 10.5 8.5
d
 4.9 4.6 70 
0.1 556 46 11.5 - - 4.6 81 
0.25 200 16 6.1 7.5
d
 5.3 3.2 34 
0.5 18 1 2.6 - - 
h h 












Table 4.6. Characteristics of 4.4 with varying ionisation. 
 
a
 From SLS, Mw is the weight-average molecular weight of the scatterers. 
b
 Determined from 
DLS. 
c




eFor polymers above α = 0.25 the model of “core-corona” is no 
longer applicable.  
 
Polymers 4.2 - 4.4 all assemble into star like micelles and further corroboration of this model 
with cryo-TEM and SAXS confirm the presence of star like polymer micelles. Cryo-TEM 
images, Figure 4.15, reveal that the micelles confirm the assembly into star like micelles. 
The cryo-TEM images do have slightly larger cores than that from SLS analysis but this 
believed to be due to the poor contrast from the core and corona and consequently part of the 
coronal chains near the core-corona interface are also observed. SAXs analysis allows 
structures to be examined on smaller length scales; therefore we can compare directly 























0 1086 80 10.1 5.6 56 
0.1 915 68 9.7 5.3 55 
0.25 209 15 5.3 3.2 26 
0.5 86 6 4.5 
e e 
0.8 16 1 3.2 
e e 







Figure 4.15. Cryo-TEM images at α = 0, 2 g/L and in 0.1 M NaCl solution. a) 4.2, b) 4.3, c) 
4.4. Scale bar 200nm. 
 
 
Figure 4.16. Small-angle X-ray scattering (SAXS) profiles of 4.3 with varying α. A) α = 1, 
B) α = 0.8, C) α = 0.25, D) α = 0, all at 2.5 g/L and in 0.1 M NaCl solution. 
 
SAXS analysis can deduce that identical trends are observed to those found from LLS 
(Figure 4.16). That is, an increase in α causes the micelles to begin to disassemble and 





profile is related to the morphology of the aggregate in solution, furthermore the slope of the 
curve as q 0 is related to the Rg of the aggregate. As the ionisation is increased it can be 
observed that the slope of the curves greatly reduces, indicating a decrease in the size of the 
aggregate. The change in the shape of the curve is indicates a change of the particle form 
factor which confirms the progressive disassembly of the micelles upon an increase in 
ionisation. Nevertheless SAXS does indicate a larger core size when compared to LLS, 
Table 4.5. This core difference is believed to be attributed to the small contrast difference 
between the core and corona for SAXS in comparison to LLS; due to similar chemical 
composition and small differences in scattering length density (SLD). Consequently it is 
understood that the crowded corona at the core-corona interface is partially observed.
62
  
Polymers 4.1 - 4.4 all have quasi identical block lengths, and therefore when α = 0 the Nagg 
and Rh values can be depicted as a function of DEAEMA content. Here only the 
polymers that self-assembled, 4.2 - 4.4, were plotted and the influence of DEAEMA 
content was further examined. It is clear that the aggregation number varies 
significantly with DEAEMA content whereas the Rh values do not. Specifically Nagg 
can vary up to 4 times whereas the Rh values vary less than 1 nm between DEAEMA 






Figure 4.17. Effect of the DEAEMA loading on the Nagg and Rh for polymers 4.2, 4.3 and 4.4 
at α = 0. Error bars represent 10% error for both Nagg and Rh. 
 
This behaviour highlights the strong relationship of core character on the aggregates formed 
on the nanoscale in solution. Slight adjustments and tuning of the associating block by 
incorporation of solvophilic units can have a pronounced change on the final aggregate 
formed in solution, despite being similar in size.  For applications of self-assembled 




 the ability to significantly 
change performance of the aggregate but to maintain precise control of structure is of great 
importance and therefore these novel copolymer associating blocks offer a unique new 










A series of P(DEAEMA-co-DMAEMA)-b-PDMAEMA diblock copolymers have been 
synthesised with varying degrees of DEAEMA in the core block.  In aqueous media, below a 
given ionisation degree, the polymers self-assemble into pH sensitive star like micelles, 
similar to the behaviour to the analogous PDEAEMA-b-PDMAEMA diblock copolymer. 
However, contrary to what was observed for the analogous diblock, the pH region of 
aggregation for these P(DEAEMA-co-DMAEMA)-b-PDMAEMA diblock copolymers can 
be shifted by modifying the composition of the statistical hydrophobic block. The apparent 
aggregation number was shown to change reversibly for the micelles irrespective of the 
preparation pathway, which indicates that there is reorganisation of the system and that the 
system is under thermodynamic control. Furthermore the aggregation number of these star-
like micelles can be increased up to 4 times by varying the incorporation of DEAEMA (from 
65 mol% to 91 mol%) in the core block, whilst maintaining equal block lengths and micelle 
sizes in solution. The ability to selectively tune the aggregation behaviour of responsive 
polymers by making subtle changes to polymer composition stresses the great sensitivity and 
ability to decisively tune diblock copolymer assemblies. However, as mentioned earlier in 
this chapter, synthesis is a limiting factor in producing a range of polymer structures. 
Therefore to mitigate this factor a simpler protocol to prepare nanoscale assemblies has been 
explored and is detailed in the following Chapters. 
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Monomers were filtered through a plug of silica prior to use and stored in the dark at 4 °C. 
AIBN (2,2'-azo-bis(isobutyronitrile)) was recrystallised from methanol and stored in the dark 
at 4 °C. All other materials were used as received from Aldrich, Fluka, and Acros. HCl (1 M) 
and NaOH (1 M) were calibrated and using tris(hydroxymethyl)-aminomethane and 
potassium hydrogen phthalate respectively. 
4.6.2. Synthesis 
4.6.2.1. General procedure for copolymerisation of DMAEMA with 
DEAEMA (MacroCTA) 
A solution of 40 equivalents of a combination of the two monomers (DMAEMA = x, 
DEAEMA = 40 - x), 0.2 equivalents of AIBN and 1 equivalent of 2-cyano-2-propyl 
dithiobenzoate (CPDB) in 1,4-dioxane (1:1 volume compared to monomer) was added to a 
dry ampoule containing a stirrer bar. The solution was degassed using at least 3 freeze-
pump-thaw cycles, back filled with nitrogen, sealed and placed in a pre-heated oil bath at 70 
°C. After 7 hours the polymerisation was quenched by liquid nitrogen, dioxane removed in 
vacuo and the resultant polymer dissolved with H2O. The solution was transferred to a 
dialysis membrane tube with the appropriate molecular weight cut-off (MWCO 3.5 kDa) and 
dialysed against 18.2 MΩ.cm water (1.5 L) with 3 water changes. Lyophilisation resulted in 
a pink solid.  
1
H NMR (400 MHz, CDCl3): δ (ppm) 7.85 (d, 
3
JH-H = 8.1 Hz, 1H Ar end 
group), 7.55 (t, 
3
JH-H = 7.4 Hz, 2H Ar end group), 7.41 (t, 
3
JH-H = 8.1 Hz, 2H Ar end group), 
4.20 (br t, 2H, OCH2CH2N), 2.50 (br s, 2H, OCH2CH2N), 2.30 (br t, 4H, 
OCH2CH2N(CH2)2(CH3)2), 2.10 (br s, 6H, OCH2CH2N(CH3)2), 1.94 (s, 6H, end group), 1.10 
(br t, 6H, OCH2CH2N(CH2)2(CH3)2), 1.00-2.00 (br m, backbone) (See Table 4.1 for 





4.6.2.2. General procedure for chain extension of the copolymers with 
DMAEMA 
MacroCTA (1.0 eq), AIBN (0.2 eq) and DMAEMA (40 eq) were dissolved in DMF (1:1 
volume compared to the monomer) and were added to a dry ampoule containing a stirrer bar. 
The solution was degassed using at least 3 freeze-pump-thaw cycles, back filled with 
nitrogen, sealed and placed in a pre-heated oil bath at 70 °C. After 7 hours the 
polymerisation was quenched by liquid nitrogen, DMF was removed in vacuo and the 
resultant polymer diluted with H2O and transferred to a dialysis membrane tube with the 
appropriate molecular weight cut off (MWCO 6 - 8 kDa) and dialysed against 18.2 MΩ.cm 
water (1.5 L) with 3 water changes. Lyophilisation resulted in a pink solid. 
1
H NMR (400 
MHz, CDCl3): δ (ppm) 7.85 (d, 
3
JH-H = 8.1 Hz, 1H Ar end group), 7.55 (t, 
3
JH-H = 7.4 Hz, 2H 
end group), 7.41 (t, 
3
JH-H = 8.1 Hz, 2H, end group), 4.20 (br t, 2H, OCH2CH2N), 2.50 (br s, 
2H, OCH2CH2N), 2.30 (br t, 4H, OCH2CH2N(CH2)2(CH3)2), 2.10 (br s, 6H, 
OCH2CH2N(CH3)2), 1.94 (s, 6H, end group), 1.10 (br t, 6H, OCH2CH2N(CH2)2(CH3)2), 1.00-
2.00 (br m, backbone) (See Table 4.1 for molecular weight data). 
4.6.2.3. Reactivity ratios of DMAEMA and DEAEMA 
DMAEMA and DEAEMA at different molar ratios, CPDB and AIBN were dissolved in 1,4-
dioxane. The ratio of [monomers]: [CTA]: [AIBN] was 40: 1: 0.2, the solution was degassed 
using at least 3 freeze-pump-thaw cycles, back filled with nitrogen, sealed and placed in a 
pre-heated oil bath at 70 °C. The conversion was kept below 10% and the reaction was 
quenched by liquid nitrogen. Aliquots were taken and characterised by 
1
H NMR 
spectroscopy in CDCl3. f1 and F1 values for the copolymerisation of DMAEMA(f1) and 







Table 4.7. f1 and F1 values for the copolymerisation of DMAEMA(f1) and DEAEMA(f2). 
Experiment Mol fraction in initial feed 
(f1) 
Mol fraction in copolymer 
(F1) 
1 0.09 0.09 
2 0.25 0.32 
3 0.32 0.35 
4 0.37 0.41 
5 0.54 0.55 
6 0.60 0.63 
7 0.71 0.76 
8 0.83 0.86 
 
4.6.3. Polymer characterisation 
4.6.3.1. 1H Nuclear Magnetic Resonance (NMR) spectroscopy 
1
H NMR spectra were recorded on a Bruker DPX-400 spectrometer in CDCl3. Chemical 
shifts are given in ppm downfield from TMS. 
4.6.3.2. Size exclusion chromatography 
Size exclusion chromatography (SEC) measurements were performed with HPLC grade 





a flow rate of 1 mL/min, on a set of two PLgel 5 μm Mixed-D columns, and one guard 
column. The molecular weights of the synthesised polymers were calculated relative to 
poly(methyl methacrylate) (PMMA) standards from refractive index chromatograms. 
4.6.3.3. Potentiometric titration 
Potentiometric titration was performed at room temperature with an automatic titrator 
(Mettler Toledo G20) controlled by LabX software. 40 mL of solution (approximately 2.3 × 
10
-4
 M) was used for each potentiometric titration experiment. The polymers were first 
dissolved at α = 1 with 1.1 excess of 1 M HCl and then back-titrated with 0.1 M NaOH. We 
define α as the degree of ionisation following equation (4.1), 
The addition of NaOH 0.1 M titrant was added at volume increments of 5-50 L and spaced 
with 180 s intervals.  From the raw titration data the total amount of titrable amine units was 
calculated. Therefore, the change of pH could be plotted as a function of the degree of 
ionisation, α. 
4.6.3.4. Refractive index increment 
The specific refractive index increment (dn/dC) of the polymers were measured on a 
refractometer (Bischoff RI detector) operating at a wavelength of 632 nm.  
4.6.4. Micelle preparation 
Three methods for the preparation of the solutions were used. Method 1 consisted of diluting 
polymer stock solutions that were prepared at 20 g/L by dispersing the polymer in 18.2 
MΩ.cm water containing the appropriate amount of HCl to reach α = 1. After one night of 
stirring α was lowered with the required amount of 1 M NaOH and the solutions were stirred 
again overnight, after which time the NaCl concentration was adjusted to 0.1 M by the 
addition of 4 M NaCl. The solutions were further stirred overnight before use. Samples at 
lower concentrations were subsequently diluted with 0.1 M NaCl to reach the desired 





For reversibility tests method 2 was used. Method 2 consisted of making a polymer solution 
at α = 1 as for method 1 at a concentration of 2.5 g/L. Subsequently this solution was split in 
two. One half of the solution was brought to lower α values by the addition of 1 M NaOH 
(this will be referred to as Pathway A), whereas the second half was first brought to α = 0 
from the addition of 1 M NaOH, knowing the chemical structure of the polymers and 
considering that all units are ionisable as verified by potentiometric titration. Then α values 
were raised by the addition of 1 M HCl (referred to as Pathway B). Each change in α was 
spaced by at least one night of stirring.   
For the tests on the influence of salt method 3 was used. Here the polymer powder was 
dispersed directly at the targeted α in 0.1 M NaCl at 2.5 g/L the solutions were left to stir for 
24 h before analysis. 
4.6.5. Micelle characterisation 
4.6.5.1. Laser light scattering 
Measurements were performed at angles of observation ranging from 20° up to 150° with an 
ALV CGS3 setup operating at λ0 = 632 nm and at 20 ± 1 °C. Data were collected in 
duplicate with 240 s run times. Calibration was achieved with filtered toluene and the 
background was measured with filtered solvent (NaCl 0.1 M).  
4.6.5.2. Dynamic light scattering (DLS) 
The intensity autocorrelation functions g2(t) obtained from dynamic light scattering were 
related to g1(t) (the normalised electric field autocorrelation functions) via the so-called 
Siegert relation. Then g1(t) was analysed in terms of a continuous distribution of relaxation 
times (eqn. 1.18 using the REPES routine
58
 without assuming a specific mathematical shape 
for the distribution of the relaxation times (A()). The apparent diffusion coefficient D was 
calculated from eqn. 1.16 given that the average relaxation rates Γ of the scatterers were q2 





observation and n = 1.333 the refractive index of the solvent (water). Its concentration 
dependence is given by D = D0(1+kDC) where kD is the dynamic second virial coefficient and 
D0 the diffusion coefficient used for computing the hydrodynamic radius (Rh) of the 
scatterers according to the Stokes-Einstein eqn. 1.19. With ɳ the solvent viscosity, k the 
Boltzmann’s constant and T the absolute temperature. Values of Rh given in the following 
are then obtained after extrapolation to zero concentration.  
4.6.5.3. Static light scattering (SLS) 
The Rayleigh ratio of the solutions have been measured using toluene as a reference 
according to eqn. 1.12 where Ii represents the intensity scattered by species i and Rtoluene is 
the Rayleigh ratio of the reference. In dilute solutions if Rg.q < 1 where Rg is the radius of 
gyration, the q and concentration dependence of R is given by eqn 1.10, where A2 is the 
second virial coefficient and Mw the weight average molecular weight.  K is an optical 
constant given by eqn 1.11. Where no = 1.496 is the refractive index of the reference liquid 
(toluene), dn/dC is the specific refractive index increment determined by differential 
refractometry (see Table 4.1) and NA is Avogadro’s number. Values of Mw are then obtained 
after extrapolation to zero concentration and zero angle and used to derive the aggregation 
number of the micellar aggregates Nagg = Mw/Mw,unimers.  For spherical morphologies, it is 
possible to deduce the core radius, Rc, from the aggregation number, using equation (2.1) 
assuming the core block is dehydrated and the density matches that of the bulk value, ρ.68 
When in some cases two modes of relaxation were observed by DLS measurements, R was 
described as the sum of two contributions according to eqn. 1.25, where f and s stand 
respectively for fast and slow modes and using 1.26. Where Af and As are the relative 
amplitudes of the fast and slow modes obtained by DLS. The slow mode of relaxation 








4.6.5.4. Small angle X-ray scattering (SAXS) 
Measurements were performed at the Australian Synchrotron facility at a photon energy of 
11 keV. The samples in solutions of 0.1 M NaCl were analysed at a sample to detector 
distance of 3.252 m to give a q range of 0.004 to 0.2 Å
-1
. The scattering from a blank 
(aqueous solution of NaCl 0.1 M) was measured in the same location as the sample 
collection and was subtracted for each measurement. Data was normalised for total 
transmitted flux using a quantitative beamstop detector and absolute scaled using water as an 
absolute intensity standard. The two-dimensional isotropic SAXS images were converted in 
one-dimensional SAXS scattered intensity profiles (I(q) versus q) by circular averaging. The 
functions used for the fitting from NCNR package
70
 were “Guinier-Porod”71,72 “Core-
Shell”72 and “Debye”.73 Scattering length densities (SLD) were calculated using the 
“Scattering Length Density Calculator” provided by the NIST Center for Neutron Research. 
A linear summation of the PolyCoreShell ratio model and the Debye model is used and has 
the following parameters (K0 to K7 for the PCR model, K8 to K10 for the Debye model): 
K0 scale 
K1 average core radius (Å) 
K2 average shell thickness (Å), not used in this model 
K3 overall polydispersity 
K4 scattering length density (SLD) core (Å-2) 
K5 SLD shell (Å-2), not used in this model 
K6 SLD solvent (Å-2) 






K9 Rg (Å), used in this model as a hydrated thickness, and as unimers in solution for the 
kinetics early data points 
K10  background (cm-1) 
 
Figure 4.18. SAXS profile of 4.3 at α = 0, 2.5 g/L and in 0.1 M NaCl solution showing the 
Debye model fit, PolyCoreShell model fit and a linear summation of the PolyCoreShell and 
Debye model fit. 
 
4.6.5.5. Cryogenic transmission electron microscopy samples (cryo-TEM) 
Cryo-TEM images were taken on a FEI Sphera microscope operated at 200 keV. 3.5 L of 
sample were added to freshly glow discharged Quantifoil R2/2 TEM grids. The grids were 
blotted with filter paper under high humidity to create thin films and rapidly plunged into 
liquid ethane. The grids were transferred to the microscope under liquid nitrogen and kept at 
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Polymer self-assembly in solution offers a simple strategy for the production of elegant 
complex nanomaterials. Similar to low molecular weight surfactants tailoring specific 
structures is typically attempted by incremental modification of both molecular weight and 
composition in order to alter the self-assembly in order to target desired morphologies. 
However due to thermodynamic, kinetic and synthetic limitations the ability to produce 
defined and reproducible equilibrium structures remains elusive. Here a simple blending 
protocol for diblock copolymers with identical block lengths but varying hydrophobic 
monomer incorporation can be used to overcome thermodynamic and kinetic limitations 
whilst being robust enough to suppress synthetic difficulties producing well defined tuneable 
nanostructures. The results demonstrate that a range of equilibrium structures can be 
produced from blending just two polymers; these blended structures are identical to those 











In soft nanotechnology, attempts have been made to replicate these complex nanostructures 
by using amphiphilic block copolymers which spontaneously self-assemble in selective 
solvents.
1-3
 In dilute solution, the most commonly studied nanostructures are spherical 
micelles.
4
 These man-made nanostructures have enormous potential in a variety of 
applications, but are particularly interesting for biological systems as they can mimic 
segregated environments similar to those found in eukaryotic cells which have lipid bilayers 
such as mitochondria.  Although a plethora of polymer nanostructures can be obtained, an 
array of thermodynamic and kinetic constraints exists which severely limits both the 
precision and purpose so easily obtained by nature. Moreover, it is now well established that 
many amphiphilic block copolymers self-assemble into out-of-equilibrium or “frozen” 
structures because exchange of single chains (unimers) between the assemblies is kinetically 
prohibited, either because of a high glass transition temperature (Tg) of the solvophobic block 
or because of the highly hydrophobic character of the solvophobic block despite a low Tg.
5-12
 
There are three possible routes to modify nanoscale polymer assemblies in solution. First, as 
previously shown in the literature and Chapter 4 diblock copolymers can be synthesised with 
varying block ratios or solvophobicity of one of the blocks through copolymerisation.
13-21
 
However, there are limitations associated with this method being able to precisely synthesise 
and target exact molecular weights coupled with the difficulties of polymerising 
comonomers of different functionalities in a reproducible manner.
22
 Moreover targeting 
specific nanoscale structures via this method requires the use of a phase diagram, and these 
phase diagrams take vast amounts of time and synthesis to determine. Second, the 
manipulation of the assembly conditions, by controlling the solvent composition during 
assembly and hence supporting or severely restricting unimer exchange can cause certain 





resulting in frozen micelles without unimer exchange, preventing the formation of defined 
segregated environments.
2,23-25
   
 
Figure 5.1 Schematic demonstrating the blending of two diblock copolymers together to 
reach the desired composition. a) Diblock copolymers are first blended together as powders 
and b) subsequently assembled in aqueous solution. Note that individually the diblock 
copolymers form different cylinder structures once assembled, once blended the structure is 




Finally, a simpler and more elegant route exists involving the blending of two different 
copolymers together in a binary mixture to obtain the desired composition or structure 
(Figure 5.1).
9,10,26-29
 Here a blend structure is composed of two or more pure polymers, where 
pure refers to a system with only one polymer type and the polymer is synthesised to the 
desired composition. For example in Figure 5.1 the blend structure is formed from pure 
block copolymers (BCP) 1 and BCP 2. Where the pure BCP 1 will form a cylinder structure 
with specific lengths and widths and BCP 2 a cylinder structure with different dimensions, 
but the blend structure will be a cylinder with lengths and widths of intermediate values 
between the two observed for BCP1 and BCP2.  In this specific example the BCP can indeed 
mix and therefor this blending strategy would allow the formation of nanostructures with a 
range of compositions in an effortless manner using only two polymers in contrast to a self-
sorting system with coexistence of two different particles. This is opposes the required 
synthesis of the polymer to the desired composition for a desired application. However this is 
only true if the structures can overcome the kinetic obstacles in place and thermodynamic 





poly(ethylene propylene), PS-b-PEP, diblock copolymer with different PS block lengths in 
sqaulene (a good solvent for PEP) and concluded that unimers must overcome a kinetic 
energy barrier for molecular exchange to successfully blend (Figure 5.2).
30
 Here, chain 
exchange was measured by time resolved SANS in a sample of spherical micelles formed by 
mixing pairs of hPS-b-PEP (proton labelled) and dPS-b-PEP (deuterium labelled) containing 
two different molecular weight PS blocks. Complete chain exchange results in a uniform 
distribution of the four types of PS blocks and a blend micelle is formed. Additionally, as 
mentioned in previous Chapters, amphiphilic block copolymers often  form frozen structures 
in water and molecular reorganisation is prevented which stops any reorganisation of the 
system. It is obvious that in the absence of unimer exchange, two different types of micelles 
formed by two different amphiphilic block copolymers cannot rearrange spontaneously into 
blended micelles.
9
 However, the formation of blended micelles may also be prevented in 
dynamic assemblies if the two different block copolymers are too different to allow 




Figure 5.2 Equilibration of PS-b-PEP micelles with hydrogenated (blue) and deuterated 




Experimentally and theoretically binary mixtures of self-assembled systems have not been 
widely explored in solution.
31-36





of the blocks or the nature of the core forming block) the authors of these studies all agreed 
that mixed micelles may form when both individual polymers could self-assemble, or if 
specific pathways for mixed assembly are used.
32,35,36
 Nevertheless spontaneous mixing only 
occurs if it is thermodynamically favourable, meaning that core forming blocks are not too 
thermodynamically dissimilar to one another and can mix.
31
 To date only one report exists to 
our knowledge comparing a binary polymer mixture to pure polymer samples, that is a single 
polymer system) with the same composition.
26
 Although these reports on blending suggest 
that similar properties could be targeted, the structures formed from binary mixtures differed 
structurally to those theoretically predicted and observed by pure samples (as determined by 
laser light scattering and TEM). The difference between the two systems may be due to the 
out of equilibrium behaviour polymeric micelles often exhibit,
5
 thus prohibiting the 
reorganisation and cooperative assembly of the polymer mixture.
9,23
 Still, theoretical studies 
by Palyulin et al did indicate that if equilibrium can be obtained, allowing structures to reach 
the true Gibbs free energy minima, plus the incompatibility between the two polymers is 
weak, then entropically stable mixed micelle structures could form (Figure 5.3).
32
   
 
 
Figure 5.3 Simulation of a) Mixed micellar structures with high thermodynamic 
incompatibility. b) Mixed micellar structures with low thermodynamic incompatibility, for 








In this Chapter the strategy was to blend two diblock copolymers, differing only in the ratio 
of co-monomers in the associating block and to analyse the blended micelles formed in 
comparison to the micelles formed by a single polymeric series at the same average 
composition (Figure 5.4). This simple blending protocol allows the characteristics of blended 
micelles to be elegantly tuned whilst achieving structurally identical micelles to that of pure 
micelles at the desired composition. This robust yet simple blending strategy for assembly 
offers great potential to obtain predictable structures of low dispersity on the nanoscale and 
providing a simple route to produce particles where precise catalytic or drug loadings are 
required.
37-43
   
 
Figure 5.4. Schematic demonstrating the blending of two diblock copolymers together to 











5.3. Results and Discussion 
5.3.1. Synthesis and molecular characterisation of the diblock 
copolymers 
5.3.1.1. Synthesis of P(DEAEMA-co-DMAEMA)-b-PDMAEMA diblock 
copolymers 
The synthesis and self-assembly of the pure poly(dimethylaminoethyl)methacrylate-co-
(diethylaminoethyl)methacrylate)-block-poly(diethylaminoethyl)methacrylate, P(DEAEMA-
co-DMAEMA)-b-PDMAEMA, diblock copolymers with respect to DEAEMA incorporation 
and ionisation was explored in Chapter 4. These polymers were then further used in this 
Chapter along with two additional (DEAEMA-co-DMAEMA)-b-PDMAEMA diblock 
copolymers, one with 50% DEAEMA and one with 85% DEAEMA in the core forming 
block (Table 5.1) characterised by 
1
H nuclear magnetic resonance (NMR) spectroscopy and 
size exclusion chromatography (SEC).  
To distinguish between the blend and pure systems within this Chapter the following 
notation is used; blended systems (systems with two diblock copolymers blended together) 
with n% DEAEMA in the core are presented as B-n and pure systems (systems with only 















Table 5.1. Characteristics of the P(DMAEMA1-x-co-DEAEMAx)n-b-PDMAEMAm diblock 
copolymers.  
a
 Determined by 
1
H NMR spectroscopy using the signals at δ = 4.20 ppm and 2.10 ppm. b 
Determined by end-group analysis from 
1
H NMR spectroscopy. 
c
 From SEC based on 




















P-32 0.32 35 30 10.7 13.8 1.16 
P-50 0.50 34 32 11.1 13.4 1.18 
P-65 0.65 36 35 12.3 14.2 1.12 
P-76 0.76 25 34 10.0 12.8 1.18 
P-85 0.85 31 35 11.4 13.9 1.17 





5.3.2. Blending of diblock copolymers 
Herein the self-assembly in aqueous solution of diblock copolymer blends was investigated. 
Altering the ratio of the two diblock polymers in the blend allowed a range of different 
compositions to be targeted.  These blend micelles were then further compared to pure 
systems at the same average composition. The pure systems were produced by synthesising 
the pure system to have similar block lengths but the ratio of monomers in the core forming 
block was targeted to give the desired composition.  
5.3.2.1. P(DEAEMA-co-DMAEMA)-b-PDMAEMA diblock copolymer 
blends 
For the P(DMAEMA-co-DEAEMA)-b-PDMAEMA diblock copolymer blends the block 
copolymers P-32 (32% DEAEMA in the core) and P-91 (91% DEAEMA in the core) were 
blended together in different ratios to obtain intermediate compositions between the two, 
Table 5.2. 
Table 5.2. Molar mixing ratios for the blended block copolymer systems. 
Blended diblock 
copolymer 
Mole fraction  
P-91 
Mole fraction  
P-32 
Theoretical 
DEAEMA in core 
block 
B-50 0.40 0.60 50% 
B-65 0.60 0.40 65% 
B-76 0.75 0.25 76% 






5.3.3. Formation of blend micelles of pH responsive P(DMAEMA-co-
DEAEMA)-b-PDMAEMA 
As observed in Chapter 4 the aggregation behaviour of P(DMAEMA-co-DEAEMA)-b-
PDMAEMA diblock copolymers could be tuned by varying the core composition through 
altering the ratio of DMAEMA and DEAEMA in the copolymer associating block. Here 
aggregation behaviour is explored by varying the composition of the core block by blending 
two P(DMAEMA-co-DEAEMA)-b-PDMAEMA diblock copolymers together.  
Two methods of preparation were explored to understand if equilibrium can be reached and 
therefore allow successful blending, Figure 5.5. Method A entails forming blend micelles by 
mixing the copolymers as unimers in two steps. First the bulk powders were mixed and 
solubilised at α = 1, at this point the solution is molecularly dissolved unimers. Once 
solubilised the α value is subsequently lowered until α = 0 and stirred for 24 hrs at which 
point the polymers have assembled into spherical micelles. α represents the overall ionisation 
degree of the DEAEMA and DMAEMA units, which is the percentage of these units which 
are cationically charged. As these polymers have assembled from a solution of unimers it can 
be believed that this system should be under thermodynamic control as equilibrium is 
reached before chain exchange is eventually stopped and the structures are locked in. For 
method B, micelle blending, the copolymers are first solubilised separately at α = 1 and then 
 is slowly lowered until α = 0 is reached. Only once the polymers have reached α = 0 are 
the solutions then blended together.  For this route thermodynamic structures can only form 
if the unimers can exchange between micelles and overcome the kinetic obstacles hindering 






Figure 5.5 Schematic demonstrating the blending protocols employed. Method A, dry 
powder mixing (unimer blending), polymer powders are first mixed to match the desired 
DEAMEA n% and then subsequently assembled. Method B, solution blending (micelle 
blending), polymers are first solubilised and then subsequently mixed to match the desired 
DEAEMA n%.  
 
Here two solutions were solubilised individually and then the solutions were blended once α 
= 0. Once the solutions were mixed LLS and SAXS measurements were taken at defined 
time intervals. Laser light scattering (LLS) measurements over time reveal that with Method 
B a reorganisation of the system occurs and then a steady state is reached several days after 





eventually steady state is reached and no further change in the structure of the micelles was 
observed up to 14 days.  
 
Figure 5.6. Evolution of aggregation number (Nagg) and hydrodynamic radius Rh with time 
upon blending using Method B;  
 
As shown from the LLS results of Method B the polymer micelles must reorganise to form 
micelles composed of both P-91 and P32, Figure 5.6.  An effective aggregation number is 
used to describe the combined scattering of the two polymer species in solution during the 
reorganisation, where a larger intensity of scattering will arise from the P-91 micelles.  From 
Figure 5.6 the micelles initially present in solution are shown to decrease in effective 
aggregation number. A decrease in the effective Nagg value observed represents the decrease 
in the concentration of the larger P-91 micelles as these will have a larger scattering intensity 





number observed whilst maintaining a similar micelle size suggested that the reorganisation 
of the system occurs through a unimer exchange mechanism as opposed to a fusion of two 
micelles.  
As confirmed in Chapter 4 the system is indeed not frozen but exchanges on a reasonable 
experimental time scale. Although the rate constants for the exchange dynamics were not 
extracted for the reorganisation of these blend systems it can still be observed that the 
reorganisation of chains, which occurred over days (Figure 5.6), is orders of magnitude 
slower than molecular surfactants, which typically occurs of minutes.
44
  Moreover, it can be 
observed that the time needed to reach steady state differs between systems, for low 
DEAEMA incorporations (50%) the exchange dynamics are faster and steady state is 
reached earlier, whereas for higher DEAEMA loadings (85%) the time needed is longer, 4 
and 8 days respectively.  As previously mentioned it is believed that this reorganisation 
occurs through a unimer exchange mechanism.
30,45
  With this hypothesis of a unimer 
exchange mechanism SAXS measurements over time were undertaken. SAXS analysis was 
used as it is able to probe much smaller length scales than light scattering, specifically the 
ability to probe the micelle cores directly which are believed to reorganise once the two 
polymer solutions, P-32 and P-91, are blended together. SAXS analysis was undertaken on 
the solution over time at defined time intervals once the solutions, P-32 and P-91, have been 
blended according to method B where t = 0 corresponds to the point of blending (Figure 5.7). 
When the SAXS profiles are compared with respect to time the first oscillation shows a shift 









Figure 5.7 SAXS profiles of blend micelles formed by method B with time, 0 days indicates 
the start of the blending with method B. Plots have been shifted vertically for clarity. a) B-
85, b) B-76, c) B-65, d) B-50. 
 
By plotting the data with a Porod representation the shift in the first oscillation with time is 
much easier to observe, clearly highlighting the reorganisation, Figure 5.8.  Moreover, the 
SAXS profiles show that the shapes of the profiles are similar throughout the reorganisation 
of the system, suggesting that the shape of the micelles remains similar throughout. The shift 
in the first minima in intensity is related to a change in core size. This shift in core size can 
then be related to a decrease in aggregation number for the formation of blended micelles 







Figure 5.8. Porod representations of the SAXS data with time for Method B, some points 
have been omitted for clarity. a) B-85, b) B-76, c) B-65, d) B-50. 
 
With the hypothesis of unimer exchange it is then proposed that the difference in kinetics in 
the reorganisation between the systems is a consequence of the concentration of the P-91 
unimers and the rate limiting step is the exchange of P-91 between micelles, as these 
polymers have a much greater hydrophobicity and will have slower exchange times between 
micelles. As mentioned in the introduction Halperin and Alexander
46
 documented that the 
energy barrier for unimer exchange for polymeric micelles is proportional to the length of 
the collapsed core block, Nb
2/3
, and its interfacial tension between the associating block and 
the solvent, , in the form E = Nb
2/3
. Therefore an increase hydrophobicity of the core 






Furthermore, after 14 days the structures formed from Method B were compared to those 
formed by Method A after 24 hrs, Figure 5.9 and as observed the structures formed are 
identical regardless of pathway. In addition these blend micelles were then compared to pure 
systems at the same core composition. As observed in Figure 5.9 regardless of pathway or if 
the system is pure or blended the micelle structures are identical. 
 
Figure 5. 9 a) Relationship of the aggregation number (Nagg) with % DEAEMA in the core 
for both assembly Methods A and B and theoretical aggregation number for non-blended 
micelles (straight line) from equation 5.2. Errors bars represent10% of the Nagg values 
 
Although these blend micelles are structurally identical regardless of pathway, the solution 
may in fact be a mixture of pure micelles which have not blended, which is micelles that 
have only one polymer present. From light scattering a theoretical weight average 
aggregation number, which is a Theoretical non-blend value can be calculated (Equation 5.2) 
where C is the weight concentration of the solution, this value represents a solution of non-
blended polymer micelles. When this value is compared to the values observed by the blend 





concluded that, regardless of preparation pathway, these polymers can form blended micelles 
at α = 0, which are identical to pure micelles formed at the same composition 
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5.3.4. Comparison of blend and pure micelles 
5.3.4.1. Pyrene fluorescence critical aggregation concentration experiments on 
the P(DMAEMA-co-DEAEMA)-b-PDMAEMA diblock copolymers. 
By using the steady state fluorescence spectroscopy of pyrene the formation of both the pure 
and blended micelles can be understood.
47,48
  The critical aggregation concentration (CAC) 
of the pure and blend micelles were determined as the inflection point of the intensity ratio 
between 339 nm and 335 nm in the fluorescence emission spectra, an example plot for P-65 
and B-65 is shown Figure 5.10. A clear difference in the steady state fluorescence results of 
pyrene between pure and blended systems with respect to DEAEMA mol% in the micelle 
core was observed Figure 5.11a. For the pure micelles as the DEAEMA content increased 
the critical aggregation concentration (CAC) decreased. However, the contrary is seen for 
the blended systems as all DEAEMA core loadings show very similar CAC values, 




, which is comparable to the pure micelle system for P-91 
(Figure 5.11a). 
 
Figure 5.10. Intensity ratio I339/I335 from the steady state fluorescence of pyrene as a function 






Plotting the concentration of P-91 in the blended system at the CAC for the micelles we 
observe that the values are extremely similar to one another (Figure 5.11b). At this point 
these results indicate that two scenarios are possible, the first is that the behaviour represents 
a true CAC and the second is that apparent CAC values may be due to the partition 




Figure 5.11 a) Relation of % DEAEMA in the core with critical aggregation concentration 
(CAC) values for pure and blended samples; b) Relation of % DEAEMA with the 






Firstly, as the DEAEMA content decreases in the pure micelles there is a decrease in the core 
hydrophobicity. This decrease in core hydrophobicity means that pyrene is less efficiently 
encapsulated within the cores and the partition equilibrium is shifted and a higher CAC is 
observed. However for the blended system a different scenario is present, here it can be 
deduced that the P-32 polymer can encapsulate negligible levels of pyrene whereas the P-91 
polymer can encapsulate much larger amounts of pyrene. Therefore only when P-91 polymer 
micelles are present can pyrene effectively partition into the core. The second scenario which 
could occur is that the true CAC for the micelles is observed. For the pure system a decrease 
in CAC with DEAEMA is to be expected due to the increased hydrophobicity of the polymer 
chains and incompatibility with the solvent. Hence, micelles with high DEAEMA content 
form at lower concentrations. However, the results from Figure 5.11b for the blended micelle 
systems show a different CAC behaviour, specifically a distinct two step mechanism. Firstly, 
the association of the polymers with the highest DEAEMA core block incorporation (P-91) 
occurs, followed secondly by the incorporation of the copolymer with the lower DEAEMA 
content (P-32) to form the blended micelle. In this final scenario a true CAC was observed 
but is that for blended micelles, the highly hydrophobic character of P-91 triggers the 
formation of blended micelles, as soon as P-91 beings to form P-32 simultaneously 
assembles cooperatively. Similar two step mechanisms for the association of blend micelles 










5.3.4.2. Comparisons of micelle structures for P(DMAEMA-co-DEAEMA)-b-
PDMAEMA diblock copolymers 
The P(DMAEMA-co-DEAEMA)-b-PDMAEMA diblock copolymers which successfully 
form blend micelles once equilibrium was reached were structurally compared further to 
those micelles obtained with a pure diblock copolymer matching the average chemical 
composition of the blend.  
Figure 5.12 contains representative cryo-TEM micrographs of both pure and blend micelles 
for 85-50 % DEAEMA incorporation in the micelle core. The cryo-TEM images clearly 
show irrespective of whether the blend or direct synthesis method is utilised that spherical 
star-like micelles are formed in both cases (Figure 5.12 a-h). Furthermore these micelles 
exhibit low dispersity and no difference in the size distribution of micelles was observed 
indicating that all micelles reach the same energetic state (Figure 5.2 i and j show example 
distributions and radial plot profiles of P-85 and B-85). Similar core sizes were observed 
between pure and blended micelles for these DEAEMA core block incorporations. Therefore 
given the similarities between the core sizes it can be assumed that both diblock copolymers 
are evenly distributed throughout the blend micelles in solution, as differences in the 
distribution of chains would lead to bimodal populations or clustering, thus indicating 
cooperative micellization.
36
 Moreover, as both systems are observed to be identical and one 
population is observed, cooperative micellization is believed to be a consequence of these 
systems reaching equilibrium.
50,51
 To understand the dimensions and nanostructure of both 
the core and corona of these star-like micelles further detailed laser light scattering and small 












Figure 5.12 Cryo-TEM analysis of both pure and blend micelles; a) image of P-50; b) image 
of B-50; c) image of P-65; d) image of B-65; e) image of P-76; f) image of B-76; g) image of 
P-85; h) image of B-85; i) histograms of the core diameter for both P-85 and B-85 samples, 
error bars calculated from Poisson error. j) Radial plot profiles from cryo-TEM for both P-85 
and B-85 samples (averaged over 50 particles).  
 
Detailed laser light scattering and small angle X-ray scattering analysis reveals that the blend 
micelles are structurally indistinguishable from a pure micelle sample as shown in Figures 
5.13 and 5.14. Dynamic light scattering (DLS) was used to analyse the distribution of 
relaxation times for the micelles in solution, Figure 5.13. The Gaus-Gex routine
52
 was used 
to determine the distribution of relaxation times of these systems. Only one mode of 
relaxation is seen for all systems which can be attributed to the single micelle population in 
solution. By analysing the relaxation time distributions from both the blended and pure 





systems gave very similar distributions in solution, yet most notable is the fact that the 
blended sample shows a lower dispersity (for example 1.08 versus 1.10 for the B-76 and P-
76 systems respectively) than the synthesised diblock. Moreover, from DLS studies of both 
the blend and pure micelles no difference was observed in the size of the aggregates in 
solution between the blend and the pure micelle samples (Figure 5.13e). The slight decrease 
in Rh with lower DEAEMA content can be attributed to a reduction of coronal chain 




 Figure 5.13 a) Relaxation time distribution of P-85 and B-85 at α = 0 in 0.1 M NaCl,  = 
130 b) Relaxation time distribution of P-76 and B-76 at α = 0 in 0.1 M NaCl,  = 130 c) 
Relaxation time distribution of P-65 and B-65 at α = 0 in 0.1 M NaCl,  = 130 d) 
Relaxation time distribution of P-50 and B-50 at α = 0 in 0.1 M NaCl,  = 130e) 
dependence of hydrodynamic radius (Rh) with % DEAEMA in the core domain. Errors bars 





Again small angle X-ray scattering analysis reveals that the blend micelles are structurally 
indistinguishable from a pure micelle sample (Figure 5.14). In Figure 5.14, it should be 
noted that 50% DEAEMA does show a difference between the blend and pure micelles by 
SAXS analysis. At this composition, the pure micelles have a very hydrophilic core and will 
subsequently only weakly associate with a very weak contrast between the core and corona. 
On the other hand, the blend micelles are composed of P-91 which is a highly aggregating 
species at α = 0, and as such it is possible that P-91 gives a platform for assembly providing 
an increased core-corona contrast for the blend assembly.  Other analysis techniques confirm 
the structural similarity between blend and pure micelles at 50% DEAEMA. It can then be 
deduced that equilibrium is reached for these P(DMAEMA-co-DEAEMA)-b-PDMAEMA 
diblock copolymers as only one population is observed throughout, which when the 









Figure 5.14) SAXS profiles of blended and pure samples in NaCl 0.1 M. a) 85% DEAEMA; 
b) 76% DEAEMA; c) 65% DEAEMA; d), 50% DEAEMA. Note that for the 85%, 76% and 
65% samples, the profiles superimpose for the blended and pure solutions. 
 
Both SAXS and cryo-TEM have the benefit of being able to directly probe the core size of 
the micellar aggregates compared to LLS which allows a theoretical core size to be 
calculated using equation 2.1. This allows a comparison of three techniques (LLS, cryo-TEM 
and SAXS) to fully analyse the blended and pure micelles. As observed in figure 5.15 the 
core sizes from cryo-TEM and SAXS give very similar results and trends, that regardless of 
core composition the core size remains constant. However, larger sizes are observed by cryo-
TEM and SAXS when compared to the core size calculated from Nagg determined by LLS. It 










Figure 5.15. Comparison of core sizes from a) LLS  b) cryo-TEM, and c) SAXS for blend 
and pure micelles. 
 
A general trend observed from the core size determined by LLS is that a decrease in 
DEAEMA content (from 85% to 50%) gave smaller core sizes (Figure 5.15a). The core size 





the bulk density of the two monomers and is assumed to be independent of copolymer 
composition. However, by using a combination of LLS and cryo-TEM the core density can 
be explored further with equation 2.1; specifically a decrease in core density is attributed to 
an increase in the hydration of the core. This core density analysis was explored using a 
combination of Z-average core sizes from cryo-TEM and Nagg values from LLS to predict the 
core density using equation 2.1 in a similar manner to Piogé et al.
56
 However, the calculated 
core densities, approximately < 0.2 g/mL (Table 5.3), are surprisingly much lower than the 
density of the monomers (approximately 1.08 g/mL). The low density is believed to then be 
too low to provide significant contrast for cryo-TEM, it can be suggested that the crowded 
coronal chains near the core-corona interface may be visible and account for the larger core 
sizes observed. Moreover, the difference in the scattering length densities between the two 
components for SAXS analysis is extremely small too (4.8 × 10
-8
 Ȧ-2) which results in a 















Table 5.3. Additional micelle scattering characterisation data for all blend and pure samples 


























P-85 60 10.7 5.1 64 7.8 8.6 0.17 
P-76 46 10.5 4.6 70 7.8 8.8 0.12 
P-65 21 9.5 3.9 64 6.5 7.6 0.09 
P-50 16 9.2 3.3 73 7.0 5.0 0.05 
B-85 65 12.2 5.3 87 7.3 8.6 0.20 
B-76 46 11.7 4.8 86 7.7 8.8 0.14 
B-65 26 10.5 3.9 74 6.8 7.5 0.09 
B-50 18 9.9 3.5 87 7.4 9.9 0.06 
a




 Calculated from equation 2.1 using Rc from cryo-TEM and Nagg 
from SLS.  
 
Using the combination of cryo-TEM, SAXS and LLS a spherical morphology can be further 
confirmed. As observed by cryo-TEM the particles are clearly spherical in nature, however, 
due to contrast variations the true nature of these spherical particles cannot be further 
deduced from microscopy. Therefore a simple core-corona model can be used with LLS; as 
such the dimensions from this model are consistent with a spherical micelle morphology 
where the coronal chains are moderately stretched but most notable is that structurally with 








The blending method for micelle assembly introduced in this Chapter provides a simple and 
effective route to modifying and achieving a range of defined nanoscale assemblies in 
aqueous solution without laborious synthetic approaches. By blending two copolymers with 
high and low incorporations of hydrophobic monomer a variety of polymeric micelles with 
varying hydrophobic compositions can be obtained. This strategy could in particular be used 
to screen rapidly the effect of the co-monomer composition on the characteristics of the self-
assembled nanostructures without the need of a phase diagram, by only synthesising two 
polymers with significantly differing compositions and then blending them. By a 
combination of cryo-TEM, laser light and small angle X-ray scattering methods, these 
blended micelles were found to be structurally identical to pure micelles with the same 
composition formed from a single polymer system. This work represents a significant 
advantage over traditional approaches for the preparation of spherical nanostructures with 
specific structural characteristics as it requires minimal synthesis and allows for access to the 
full range of copolymer compositions through a simple blending approach.  
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5.6. Experimental  
5.6.1. Materials  
Monomers were filtered through a plug of silica prior to use and stored at 4 °C. AIBN (2,2'-
azo-bis(isobutyronitrile)) was recrystallised from methanol and stored in the dark at 4 °C. All 
other materials were used as received from Aldrich, Fluka, or Acros. HCl (1 M) and NaOH 
(1 M) were calibrated and standardised using tris(hydroxymethyl)-aminomethane and 
potassium hydrogen phthalate respectively. P(DMAEMA-co-DEAEMA)-b-PDMAEMA 
diblock copolymers were synthesised by RAFT and characterised by 1H NMR spectroscopy 
and SEC  as previously reported in Chapter 4. 
5.6.2. Preparation of the aqueous solutions 
5.6.2.1. Preparation of P(DEAEMA-co-DMAEMA)-b-PDMAEMA diblock 
copolymer micelles 
5.6.2.1.1. Pure micelle samples  
Pure micelle assembly was performed by diluting stock polymer solutions that were prepared 
at 20 g/L by dispersing the polymer in 18.2 MΩ.cm water containing the appropriate amount 
of HCl to reach α = 1, where α is defined as α = [NR2H
+]/[NR2Total]. After one night of 
stirring α was lowered to α = 0 by the addition of the required amount of 1 M NaOH and the 
solutions were stirred again overnight, after which time the NaCl concentration was adjusted 
to 0.1 M by the addition of 4 M NaCl. The solutions were further stirred overnight before 
analysis.  
5.6.2.1.2. Blended micelle samples 
Two methods for the preparation of the binary solutions were used.  
Method A (unimer blending) consisted of mixing dry bulk polymer samples together. These 





dispersing the two polymer powders in 18.2 MΩ water containing the appropriate amount of 
HCl to reach α = 1 to give a solution of blended unimers in a good solvent. After one night of 
stirring α was lowered to 0 by the addition of the required amount of 1 M NaOH and the 
solutions were stirred again overnight, after which time the NaCl concentration was adjusted 
to 0.1 M by the addition of 4 M NaCl. The solutions were further stirred overnight before 
being analysed.  
Method B (micelle blending) involved making individual polymer solutions of 32% 
DEAEMA or 91% DEAEMA copolymers at α = 0 using the same protocol as for the pure 
micelle samples, at a concentration of 2.5 g/L.  These solutions were then mixed together at 
desired stoichiometric ratios and stirred to give the targeted % DEAEMA and then stored at 
room temperature.  
5.6.3. Micelle Characterisation  
5.6.3.1. Refractive index increment 
The specific refractive index increments (dn/dC) of the polymers in water were measured on 
a refractometer (Bischoff RI detector and a Shodex RI−101 RI detector) operating at a 
wavelength of 632 nm.  
5.6.3.2. Laser light scattering 
Measurements were performed at angles of observation ranging from 20° up to 130° with an 
ALV CGS3 setup operating at λ0 = 632 nm and at 20 °C ± 1 °C. Data were collected in 
duplicate with 240 s run times. Calibration was achieved with filtered toluene and the 
background was measured with filtered solvent (NaCl 0.1 M solution).  
5.6.3.3. Dynamic light scattering (DLS) 
The intensity autocorrelation functions g2(t) obtained from dynamic light scattering were 
related to g1(t) (the normalised electric field autocorrelation functions) via the so-called 





times (eqn. 1.18 using the REPES routine
58
 without assuming a specific mathematical shape 
for the distribution of the relaxation times (A()).When comparing micelle distributions 
directly to one another the Gaus-GEX routine was used.52 The apparent diffusion coefficient 
D was calculated from eqn. 1.16 given that the average relaxation rates Γ of the scatterers 
were q
2
 dependent, where q is the scattering vector given by q=(4πn/λ0).sin(/2) with  the 
angle of observation and n = 1.333 the refractive index of the solvent (water). Its 
concentration dependence is given by D = D0(1+kDC) where kD is the dynamic second virial 
coefficient and D0 the diffusion coefficient used for computing the hydrodynamic radius (Rh) 
of the scatterers according to the Stokes-Einstein eqn. 1.19. With ɳ the solvent viscosity, k 
the Boltzmann’s constant and T the absolute temperature. Values of Rh given in the 
following are then obtained after extrapolation to zero concentration.  
5.6.3.4. Static light scattering (SLS) 
The Rayleigh ratio of the solutions have been measured using toluene as a reference 
according to eqn. 1.12 where Ii represents the intensity scattered by species i and Rtoluene is 
the Rayleigh ratio of the reference. In dilute solutions if Rg.q < 1 where Rg is the radius of 
gyration, the q and concentration dependence of R is given by eqn 1.10, where A2 is the 
second virial coefficient and Mw the weight average molecular weight.  K is an optical 
constant given by eqn 1.11. Where no = 1.496 is the refractive index of the reference liquid 
(toluene), dn/dC is the specific refractive index increment determined by differential 
refractometry (see Table 4.1) and NA is Avogadro’s number. Values of Mw are then obtained 
after extrapolation to zero concentration and zero angle and used to derive the aggregation 
number of the micellar aggregates Nagg = Mw/Mw,unimers.  For spherical morphologies, it is 
possible to deduce the core radius, Rc, from the aggregation number, using equation (2.1) 
assuming the core block is dehydrated and the density matches that of the bulk value, ρ.68 
When in some cases two modes of relaxation were observed by DLS measurements, R was 





respectively for fast and slow modes and using 1.26. Where Af and As are the relative 
amplitudes of the fast and slow modes obtained by DLS. The slow mode of relaxation 




5.6.3.5. Small angle X-ray scattering (SAXS) 
Measurements were performed at the Australian Synchrotron facility at a photon energy of 
11 keV. The samples in solutions of 0.1 M NaCl were analysed at a sample to detector 
distance of 3.252 m to give a q range of 0.004 to 0.2 Å-1. The scattering from a blank 
(aqueous solution of NaCl 0.1 M) was measured in the same location as the sample 
collection and was subtracted for each measurement. Data were normalised for total 
transmitted flux using a quantitative beamstop detector and absolute scaled using water as an 
absolute intensity standard. The two-dimensional isotropic SAXS images were converted 
into one-dimensional SAXS scattered intensity profiles (I(q) versus q) by circular averaging. 
The functions used for the fitting from the NCNR package62 were “Guinier-Porod”63,64, 
“Polycore Form”64 and “Debye”.65 Scattering length densities (SLD) were calculated using 
the “Scattering Length Density Calculator”66 provided by the NIST Center for Neutron 
Research. A linear summation of the PolyCoreShell ratio model and the Debye model is used 
and has the following parameters (K0 to K7 for the PCR model, K8 to K10 for the Debye 
model): 
K0 scale 
K1 average core radius (Å) 
K2 average shell thickness (Å), not used in this model 
K3 overall polydispersity 
K4 scattering length density (SLD) core (Å-2) 
K5 SLD shell (Å-2), not used in this model 





K7 background (cm-1) 
K8 scale 
K9 Rg (Å), used in this model as a hydrated thickness, and as unimers in solution for the 
kinetics early data points 
K10  background (cm-1) 
  
Figure 5.16. SAXS profile of P-85 showing the Debye model fit, PolyCoreShell model fit 
and a linear summation of the PolyCoreShell and Debye model fit. 
5.6.3.6. Cryogenic transmission electron microscopy samples (cryo-TEM) 
Cryo-TEM was conducted on a FEI Sphera microscope operated at 200 keV. 3.5 L of 
sample were added to freshly glow discharged Quantifoil R2/2 TEM grids. The grids were 
blotted with filter paper under high humidity to create thin films and rapidly plunged into 
liquid ethane. The grids were transferred to the microscope under liquid nitrogen and kept at 
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6. Amphiphilic block copolymer micelles: Blending and 
structural understanding 
 
6.1. Abstract  
Amphiphilic block copolymers can assemble into a variety of structures on the nanoscale in 
a selective solvent. The micelle blending protocol explored in Chapter 5 offers a simple 
unique route to reproducibly produce structures on the nanoscale. Here this blending 
protocol is expanded to a range of polymer micelle systems and self-assembly routes. It was 
reported in Chapter 5 by a exploring a range of variables that the systems must be able to 
reach equilibrium at some point for the blending protocol to be successful. The results 
concern the thermodynamics and mechanism for the blending protocol which can then be 















Much like small molecule surfactants amphiphilic block copolymers will spontaneously self-
assemble when dispersed in a selective solvent for one of the copolymer blocks.
1
 Although 
small molecule surfactants and amphiphilic block copolymers both exhibit similar behaviour 
in solution, once the molecules have assembled into micelles there are some solution 
behaviours which are vastly different between the two. The most prevalent behavioural 
difference in solution is that surfactant micelles will typically reach thermodynamic 
equilibrium, through a constant exchange of surfactant molecules between structures.
2-4
 Here 
once the surfactant micelle has formed (when the concentration of surfactant molecules is 
above the critical micelle concentration, CMC) at any one time surfactant molecules are 
either within the self-assembled structure or free in solution; often this association 





Figure 6.1. Formation of surfactant micelles above the CMC. Below the CMC surfactant 
molecules are free in solution and once the CMC is reached discrete nanostructures are 
formed with a fraction of surfactant molecules free in solution. 
However, amphiphilic block copolymers only rarely reach the true Gibbs free energy minima 
and hence thermodynamic equilibrium.
6,7
 Predominantly the exchange of polymer chains 
between structures is often kinetically hindered because the energy barrier for unimer 
exchange is too great and the concentration of polymer chains free in solution is most 
commonly negligible.
8,9





formation for diblock copolymers, was explored by Johnson et al.
10
 A poly(n-butylacrylate)-
block-poly(acrylic acid), PnBuA-b-PAA diblock copolymer was molecularly dissolved in 
methanol and subsequently quenched with water (a poor solvent for nBuA); effectively a 
similar to increasing the concentration of diblock copolymer in solution. Johnson et al were 
able to conclude with stop flow light scattering experiments that once the system was 
quenched with water the polymers instantly nucleate and form a stable particle which does 
not reorganise over time.  It was understood that upon quenching with water a copolymer 
insertion barrier to the micelle is created and that this barrier grows rapidly whilst the 
particles nucleate, consuming unimer chains. This rapid energy barrier increase from 
quenching with water subsequently traps the structures in solution before equilibrium is 
reached and no further rearrangements occur, leading to out-of-equilibrium micelles which 




Figure 6.2. Schematic illustrating the formation of frozen polymer micelles in solution from 
quenching the solution with a selective solvent. As the copolymer insertion barrier is 
increased from quenching, I-III nucleation events increase and the concentration of free 









This out of equilibrium behaviour often restricts block copolymer developments for an array 
of applications and prevents the full understanding of diblock copolymers in solution as the 
ability to control and form reproducible stable structures is difficult.
11
 Nevertheless, with the 
discovery of reversible deactivation radical polymerisations (RDRP) techniques a range of 
new amphiphilic block copolymers have been produced, with a variety of additional 
functionalities.
12-16
 The development of new amphiphilic block copolymers has opened up a 
range of new structures in solutions, with some structures reaching equilibrium similar to 
surfactant molecules.
17-20
 Nevertheless the sometimes laborious synthesis of these diblock 
copolymers often negatively impacts the large scale implementation of these functional 
diblock copolymers. An alternative is the copolymer blending method, which is to blend 
together two polymers that vary in functionality or response to stimuli to obtain a blend 
structure, which has a composition and/or response which is an intermediate between the two 
parent polymers.
21-24
 As shown previously in Chapter 5 this strategy is an exciting new 
method for block copolymer assembly as these blend structures have the ability to 
structurally match a pure system (a system formed by a single polymer) in solution.   
The ability to successfully mimic the structure of pure spherical micelles through a blending 
strategy crucially depends on the system’s ability to follow through its relaxation pathway 
and equilibrate.21 This equilibration of relaxation pathway is often a misunderstood topic of 
polymer self-assemblies as it is difficult to deduce how far from equilibrium a system truly is 
or if a system has even reached true equilibrium. Furthermore, the fact that stable 
equilibrium micelles form rarely means that only a few reports on true thermodynamic 
equilibrium of polymer micelles in solution exist.6,7,25-31  
Therefore to understand the ability of the copolymer blending method to produce stable 
equilibrium micelles a series of polymer systems and a range of assembly conditions were 
studied and the parameters needed for successful blending, to produce stable, reproducible 
structures, were sought. In this chapter the fundamental understanding of this copolymer 





understand micelle equilibration and expand the copolymer blending protocol to an array of 
polymer systems. 
 
6.3. Results and Discussion 
6.3.1. Synthesis and molecular characterisation of the diblock 
copolymers 
6.3.1.1. Synthesis of P(EHA-co-DMA)-b-PDMA and P(IBA-co-DMA)-b-
PDMA diblock copolymers 
For this study a series of diblock copolymers were synthesised (Scheme 6.1). As explored in 
Chapter 5 the block lengths within the P(DMAEMA-co-DEAEMA)-b-P(DMAEMA) 
diblock series were identical throughout but the solvophobic block composition was varied 
by copolymerisation. To explore the copolymer blending method further this polymer 
structure i.e. a copolymer solvophobic block which can be varied by copolymerisation linked 
to a homopolymer solvophilic block was maintained. First two hydrophilic poly(dimethyl 
acrylamide), P(DMA), macro chain transfer agents (macro-CTAs) were synthesised by 
RAFT polymerisation. For each series a degree of polymerisation 120 or 350 was targeted, 
allowing a change in the solvophilicity of each polymer system to be achieved.  These 
macro-CTAs were then chain extended with dimethyl acrylamide (DMA) and varying 
amounts of hydrophobic monomer, either isobornyl acrylate (IBA) or 2-ethylhexyl acrylate 
(EHA) respectively, to afford diblock copolymers with a copolymer associating block.  
Moreover, by using the van Herk nonlinear least-squares fitting method with F1 (mol 
fraction of DMA in the copolymer) and f1 (mol fraction of DMA in the monomer feed) 
values, these associating blocks are shown to be purely statistical (the values for r1 and r2 






diblock copolymers formed had low dispersity, known hydrophobic monomer incorporation 
and controlled molecular weight; the results are summarised in Table 6.1. 
 
Scheme 6.1 General schematic of the polymerisation of DMA and chain extension with 







































6.1 0.60 120 70 22.9 25.0 1.11 
6.2 0.50 120 69  22.2 24.9 1.20 
6.3 0.40 120 71  21.3 23.2 1.20 
6.4 0.90 350 250 77.3 77.9 1.11 
6.5 0.80 350 228  70.5 79.1 1.18 




6.7 0.60 120 68 23.1 23.6 1.30 
6.8 0.50 120 71  23.3 22.7 1.27 




H NMR spectroscopy. 
b





 From SEC based on poly(styrene) standards in CHCl3. 
 
6.3.2. Blending of diblock copolymers 
Herein the self-assembly of diblock copolymer blends in aqueous solutions are investigated. 
Based on previous reports it is hypothesised that equilibrium must be reached and that the 
system must have the highest entropy possible ensuring the spontaneous formation of blend 
micelles which can also structurally match pure ones with the same composition (Figure 
6.3). To understand this hypothesis further a range of different polymers and assembly 
conditions were explored. In Chapter 5 a range of compositions could be targeted by varying 
the blend ratios, but in this Chapter only one composition was explored for each of the three 
systems because a different set of variables were investigated, specifically polymer structure, 
e.g. chain length and monomer, in addition to the assembly route, to further understand the 





be reached. In this Chapter three polymer systems were investigated; their blending ratios, 
assembly pathway and notation are listed below.   
6.3.2.1. P(EHA-co-DMA)-b-PDMA diblock copolymer blends 
For the P(EHA-co-DMA)-b-PDMA diblock copolymer blends the polymers 6.1 (60% EHA 
in the core) and 6.3 (40% EHA in the core) were blended together as dry polymer powders to 
match the composition of 6.2 (50% EHA in the core), where in the second system 6.4 (90% 
EHA in the core) and 6.6 (70% EHA in the core)  were blended together as dry polymer 
powders to match the composition of 6.5 (80% EHA in the core). For each blend systems 
only one composition was targeted but the assembly pathway was varied. To distinguish 
between polymer systems the notation is as follows; N-M-6.2, N signifies if the polymer 
samples are blend (B) or pure (P), M represents the pathway, for example TF is thin film 
rehydration, DD is direct dissolution and SS is solvent switch. 6.2 represents the polymer 
which is to be targeted in the blend; the specific polymer and composition of which can be 
found in Table 6.1. Tables 6.2 and 6.3 represent the molar blending ratios and assembly 
routes for the P(EHA-co-DMA)-b-PDMA diblock copolymer sets.  
 




Pathway Mole fraction  
6.1 
Mole fraction  
6.3 
Theoretical EHA 
in core block 
B-TF-6.2 TF 0.50 0.50 50% 
B-DD-6.2 DD 0.50 0.50 50% 











Pathway Mole fraction  
6.4 
Mole fraction  
6.6 
Theoretical EHA 
in core block 
B-TF-6.5 TF 0.50 0.50 80% 
B-DD-6.5 DD 0.50 0.50 80% 
B-SS-6.5 SS 0.50 0.50 80% 
 
6.3.2.2. P(IBA-co-DMA)-b-PDMA diblock copolymer blends 
For the P(IBA-co-DMA)-b-PDMA diblock copolymer blends the polymers 6.7(60% IBA in 
the core)  and 6.9 (40% IBA in the core) were blended together as dry polymer powders to 
match the composition of 6.8 (50% IBA in the core). Blend systems were all blended to 
obtain the same composition but the pathway was varied. For that reason the composition of 
the core is not noted but the pathway is; molar mixing ratios and assembly routes are listed in 
Table 6.4. The notation for P(IBA-co-DMA)-b-PDMA diblock copolymer blends is the same 
for the polymer systems discussed in section 6.2.2.2. 
 




Pathway Mole fraction  
6.7 
Mole fraction  
6.9 
Theoretical IBA 
in core block 
B-TF-6.8 TF 0.50 0.50 50% 
B-DD-6.8 DD 0.50 0.50 50% 







6.3.3. Formation of blend micelles 
6.3.3.1. Influence of pathway dependence on blending 
As mentioned in the Chapter 1 it is well known that for amphiphilic diblock copolymers 
different pathways for assembly can produce a range of structures.
6,8,11
 In this Chapter 
different assembly pathways were employed for a range of neutral polymers and the ability 
to form stable equilibrium blend micelles for each pathway was investigated to help 
understand the copolymer blending method further, Figure 6.4. The three pathways explored 
were: solvent switch method (SS), where polymers are blended as polymer powders and 
dispersed into a good solvent for both blocks producing a solution of mixed unimer chains, 
and once dispersed poor solvent for the associating block is slowly added and the original 
good solvent removed. For this method of assembly it is anticipated that as structures begin 
to form upon the addition of the selective solvent the equilibration will be very quick, yet as 
the solvent quality for one of the blocks decreases (by further addition of selective solvent) 
this equilibration time greatly will increase and possibly true equilibrium may not occur 
(Figure 6.4a – solvent switch). However, in some cases equilibrium may be reached before 
the solvent quality for one block is greatly reduced (Figure 6.4b – Solvent switch). The 
second pathway is direct dissolution (DD) where the bulk polymer powders are blended and 
subsequently added to the selective solvent (water). Upon initial dispersion it is anticipated 
that the structures formed will be representative of the bulk phase separated morphologies 
(Figure 6.4a – direct dissolution). Nevertheless these initial structures can under certain 
condition equilibrate (Figure 6.4b – direct dissolution). The final pathway is the thin film 
rehydration (TF), where the polymers are blended together and dispersed in a good solvent 
for both blocks, then the solvent is slowly removed at high temperature under vacuum 
producing a thin film of the polymers on the vial to which selective solvent is subsequently 





phase separated structures, typically bilayers, which may equilibrate under certain conditions 
(Figure 6.4b – thin film rehydration). 
  
Figure 6.4. Diagram representing the various preparation pathways for amphiphilic diblock 
copolymer blends. First the dry polymer powders are mixed to the desired ratio and 
subsequently a preparation pathway is used for assembly. Solvent switch; the polymers are 
molecularly solubilised as unimers before being assembled cooperatively. Direct dissolution; 
selective solvent is added to the dry blended polymer powder. Thin film rehydration; the 
polymers are solubilised in a good solvent and annealed under vacuum to produce a thin film 
to which selective solvent is added. a) Representation of predicted structures upon initial 
dispersion into selective solvent for the coronal block. b) Structures formed in solution if the 






The first sets of studies are focused on the P(EHA-co-DMA)-b-PDMA polymer series 6.1-
6.3 with blends B-TF-6.2, B-DD-6.2 and B-SS-6.2. Here the hydrophobic monomer is 2-
ethylhexyl acrylate, this monomer was selected as the polymers produced are of low Tg and 
therefore the influence of glassy cores can be neglected in these set of studies (Tg values for 
the core block as explored by differential scanning calorimetry, DSC, 6.1 = -18 C, 6.2 = -5 
C, 6.3 = 8 C). Static and dynamic light scattering experiments were conducted at 20 C and 
were used to analyse the formation and structure of blend micelles in water from a range of 
assembly pathways at a concentration of 2 g/L (Figures 6.5a and 6.5b). In the laser light 
scattering data shown in Figure 6.5a and 6.5b it can be observed from the variation in Rh and 
Nagg that the different pathways for assembly give different structures in solution. 
Specifically, for the thin film rehydration and direct dissolution routes Figures 6.5a and 6.5b 
both clearly show that the pure and blend micelles do not structurally match in both Rh and 
Nagg. On the other hand the pure and blend micelles formed using the solvent switch route 
form structurally identical micelles as observed by Rh and Nagg values from laser light 
scattering. These results indicate that for the solvent switch method these micelles, either 
blend or pure, probably reach equilibrium during assembly at each addition of selective 
solvent, therefore the structures formed are very similar to one another under these range of 
conditions.  
A simple way to transform structures in solution is to increase in energy of the system from 
heat, and therefore all polymer solutions were subsequently heated to 75 ºC for 5 hrs before 
being cooled to room temperature under ambient conditions and then reanalysed by static 
light scattering (SLS) and dynamic light scattering (DLS). Interestingly once the solutions 
were heated to 75 C for 5 hours the Nagg and Rh values are identical between the blended and 
pure systems of 6.2 for all routes of assembly (Figure 6.5b). There is an observed change in 
the structures upon heating which indicates the polymer chains must be able to reorganise 
within the system. This reorganisation (for direct dissolution and thin film rehydration) 





additional energy is introduced. Moreover, when the structures after heating are compared to 
those formed from the solvent switch pathway the structures are the same. It could then be 
assumed that because identical structures are observed regardless of assembly pathway the 
structures are at equilibrium. Furthermore, as the solvent switch structures do not change 
with heating it suggests that they were close to equilibrium in pure water before heating. 
 
Figure 6.5 Relationship of Nagg and Rh with preparation pathway for the blended and pure 
solutions for the P(EHA-co-DMA)-b-PDMA diblock copolymers 6.2. a) Relationship of Rh 
with preparation pathway for the blended and pure left at room temperature. b) Relationship 
of Nagg with preparation pathway for the blended and pure left at room temperature. c) 
Relationship of Rh with preparation pathway for the blended and pure after being heated for 
5 h at 75 C. d) Relationship of Nagg with preparation pathway for the blended and pure after 
being heated for 5 h at 75 C. DD = Direct dissolution, TF = Thin film rehydration, SS = 






Further analysis of the distributions of relaxation times from DLS shows the dispersity of the 
samples is notably broad and clearly differs between the two systems before heating (Figure 
6.6).  
 
Figure 6.6 a) Relaxation distribution from DLS of P-DD-6.2 and B-DD-6.2 at room 
temperature. b) Relaxation distribution from DLS of P-DD-6.2 and B-DD-6.2 at room 
temperature after being heated for 5 hrs at 75 C. 
 
However, both pure and blend samples become notably smaller in dispersity upon heating 
and the morphologies are very similar despite different assembly routes, as observed by both 
DLS and cryogenic transmission electron microscopy, cryo-TEM (Figure 6.6 and 6.7). As all 
routes lead to the same structure and both pure and blend micelles are identical it is 





overcome by the addition of thermal energy, with stable equilibrium blend micelles being 
formed which structurally match pure micelles regardless of assembly pathway. 
 
Figure 6.7 a) left, cryo-TEM micrograph for blend micelles from the TF protocol after 
heating, B-TF-6.2. right, cryo-TEM micrograph for blend micelles from the DD protocol 
after heating, B-DD-6.2. b) Histogram of core diameter for blended micelles from B-TF-6.2 
and B-DD-6.2 after heating (averaged over 50 particles).  
 
Although a change was noted for the thin film rehydration and direct dissolution routes the 
solvent switch method showed no observed change upon heating for both the pure or blend 





micelles have already formed by the solvent switch pathway and regardless of heating there 
is no reorganisation to form new micelles although unimer exchange between micelles does 
occur. The second is that the system is kinetically trapped and no exchange occurs with 
heating.   
Therefore to understand these kinetic limitations further a solution blending route was 
explored. Here, 6.1 and 6.3 are assembled using a specific pathway and heated individually 
to form what are believed to be equilibrium micelles. Once at equilibrium the solutions are 
cooled to room temperature under ambient conditions and then mixed as solutions and 
analysed by DLS and SLS after initial mixing, 10 days and then after being heated as a 
mixed solution.   
From Table 6.5 the kinetics of reorganisation can be examined. In contrast to the 
P(DMAEMA-co-DEAEMA)-b-PDMAEMA diblock copolymers (see Chapter 5) no 
exchange can be observed at room temperature for the P(EHA-co-DMA)-b-PDMA blend 
systems, even after 10 days, regardless of the precursor solutions. This result strongly 
indicates these micelles are frozen, possibly as a consequence of a kinetic energy barrier. 
Additionally, using equation 6.1 and 6.2 it can be observed that the Nagg and Rh values after 
10 days match to weight average values for non-blended micelles, thus suggesting that these 
blend solutions are a binary mixture of pure micelles which have not reorganised 
cooperatively.  
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These blended solutions were subsequently heated to 75 C for 5 hours and then reanalysed 
by laser light scattering. Once the micelle solutions have been heated a reorganisation of the 
system occurs and equilibrium blend micelles can then form. Specifically it can be observed 
that for the micelles formed by blending two solutions where solvent switch was the 
assembly pathway the structures do reorganise once heated. It can be inferred that for the 
previous experiments the micelles formed by the solvent switch route do indeed exchange 
unimer chains between micelles when heated, yet the structures are already at equilibrium 
and thus no reorganisation is observed. It is important to emphasise that regardless of 
pathway all routes lead to the same micelle structures once heated, as indicated by laser light 
scattering studies (Table 6.5).  
Table 6.5 Characteristics of micelles formed from blending stock solutions of 6.1 and 6.3 







Nagg           
10 
days 



















B-DD-6.2  81 83 95 55 34 34 34 15 
B-TF-6.2  126 120 149 54 27 24 23 16 
B-SS-6.2  66 66 72 53 14 13 15 15 
6.2 52 52 N/A 55 15 17 N/A 16 
 
As pointed out by Halperin and Alexander, the free energy associated with fusion/fission 





blend micelles is the dynamic exchange of unimers between micelles.
1,33-35
 To understand 
this mechanism of blended micelle formation in solution further, simple variable temperature 
1
H NMR spectroscopy was used to understand the mobility of the core block. 
1
H NMR spectroscopy data shown in Figure 6.8 demonstrates the associating core block 
mobility. For these studies increases in the intensity of the resonances that correspond to the 
associating core block demonstrate that either the core has become more mobile, i.e. tumbles 
faster in solution, or that the core blocks solubilise in the solvent and have been released by 
the micelle. For this variable temperature 
1
H NMR spectroscopy experiments B-DD-6.2 
were explored, although other systems showed identical behaviour. Here it can be observed 
that as the temperature increased the relative area of the peak at 0.8 ppm (representative of 
the EHA monomer CH3 protons) also increased. This result indicates that the polymer chain 
may have been released by the micelle into the solvent and that perhaps the unimers do 
dynamically exchange. Furthermore, when the relative area of the peak at 0.8 ppm compared 
to the solvent peak was plotted against temperature a distinct trend can be observed (Figure 
6.8b). Here a slow increase in area is initially observed as temperature is increased but then a 
significantly larger increase in peak area is observed which subsequently plateaus at 
approximately 50-60 C. It is understood that the interaction of polymer chains with solvent 
is inversely proportional to the magnetic relaxation in 
1
H NMR spectroscopy, specifically the 
relaxation is less for interacting polymer chains confined to the micelle core.
36
 Therefore it is 
hypothesised that a linear trend could be anticipated if polymer chains were not released by 
the micelle, as an increase in temperature could yield increased micelle solvent interactions 
in solution or possibly increased swelling of the micelle core with solvent resulting in faster 
magnetic relaxation,
37
 which possibly will show an increase in peak area linearly with 
temperature from 
1
H NMR spectroscopy. Therefore, expulsion of a unimer chain from a 
micelle core will probably result in an increase in mobility in comparison to confined 
polymer chains in the core and consequently increased solvent polymer interactions resulting 
in faster relaxation compared to confined chains within the micelle core.
38





predicted that at a specific temperature an increase in relative peak area greater than the 
confined chains may be observed as unimers escape form the micelle, and subsequently 
these “free” polymer chains have greater solvent interactions.36,39 Hence a deviation from a 
hypothesised linear trend could possibly be expected which was observed by this system in 
this variable temperature 
1
H NMR experiments. As such it is believed that the P(EHA-co-
DMA)-b-PDMA diblock copolymer chains can possibly dynamically exchange unimers 
between micelles if the energy barrier for exchange is low enough. As the cores are assumed 
to have minimal thermodynamic incompatibility with one another and the P(EHA-co-DMA)-
b-PDMA diblock copolymers 6.1 and 6.3 can exchange, blend micelles which structurally 
match pure micelles at the same composition of 6.2 can form.   
 
Figure 6.8 a) Partial 
1
H NMR spectra for B-DD-6.2 upon gradual heating from 20 C to 70 
C in D2O. Data normalised to solvent peak. b) Relationship between relative peak area at 






6.3.3.2. Effect of energy barrier 
In the previous section the Tg of the core block for the P(EHA-co-DMA)-b-PDMA diblock 
copolymers was below that of all temperatures used. Although this means the core blocks are 
mobile, it does not conclude that low Tg polymers can rearrange to form equilibrium blend 
micelles. In section 6.2.3.1. it was concluded that for the equilibrium blend micelles to form 
the polymer must overcome a kinetic energy barrier for molecular exchange of the unimer 
chains. As stated in the introduction the energy barrier for molecular exchange may still be 
too high even for low Tg systems.
33,40-42
 Therefore a second P(EHA-co-DMA)-b-PDMA 
diblock copolymer series was synthesised to examine  the hypothesis that a kinetic energy 
barrier must be overcome.  It is known that the energy barrier is proportional to the 
associating block length and interfacial tension between the associating block and the 
solvent. Consequently a P(EHA-co-DMA) associating block with a much larger degree of 
polymerisation  ca 250 was synthesised and the EHA incorporation was kept much higher, 
all EHA incorporation was greater than 70%. This provides a blend system with a low Tg to 
ensure mobile cores, yet with a theoretically higher energy barrier for molecular exchange 
and consequently the influence of the energy barrier for molecular exchange to form 
equilibrium blended micelles from the copolymer blending method can be examined. It was 
hypothesised that either reorganisation would be slower or that it would never occur. 
Here 6.4 (90% EHA in the core) and 6.6 (70% EHA in the core) were blended together to 
give an average composition of 80% EHA in the core matching 6.5, Table 6.1. In contrast to 
the previous P(EHA-co-DMA)-PDMA diblock copolymers results obtained from laser light 
scattering analysis showed that for the direct dissolution and thin film rehydration protocols 
multiple irreproducible modes were present (Figure 6.9a) which meant that quantitative 
Zimm analysis was not possible. In spite of these irreproducible modes cryo-TEM analysis 
was undertaken to explore the copolymer blending method further for these diblock 
copolymers. The images in Figures 6.9b and 6.9c point towards one possible reason behind 





dissolution protocols. In contrast to the previous system with a short P(DMA-co-EHA) 
associating block for this system the thin film rehydration and direct dissolution routes 
exhibit multiple morphologies and much larger cylinder undulations, similar to those 
observed by Bates and co-workers by cryo-TEM.
8
 The presence of multiple morphologies is 
a result that offers clear proof that these structures are frozen at room temperature, as 
dynamic micelles would have a uniform structure due to the strong amphiphilicity between 
the micelle core and solvent. This thus prevents molecular exchange and the formation of 
equilibrium blend structures, and accordingly although these micelles have mobile cores, 




Figure 6.9 a) Relaxation distributions of P(EHA-co-DMA)-b-PDMA blended and pure by 
thin film rehydration. Cryo-TEM micrograph of P(EHA-co-DMA)-b-PDMA blend b) 
Prepared by direct dissolution, B-DD-6.5. c) Prepared by thin film rehydration, B-TF-6.5. 






For the previous P(EHA-co-DMA)-b-PDMA series (with a shorter core and corona block) 
the polymers were indeed frozen upon initial dispersion, however, upon heating the system 
could rearrange and as hypothesised the polymers overcome a kinetic energy barrier. 
Nevertheless with this second P(EHA-co-DMA)-b-PDMA polymer series with increased 
EHA content and a longer core block a different behaviour is observed. For this system the 
same heating protocol was undertaken, each solution was heated to 75 C for 5 hrs and 
subsequently cooled to room temperature under ambient conditions and reanalysed. For all 
the systems, B-DD-6.5, B-TF-6.5 and B-SS-6.5 no change in the relaxation distributions and 
the cryo-TEM structures was observed. It can therefore be concluded that there was no 
rearrangement for this system and that no exchange of polymer chains occurred between 
nanostructures despite a mobile core and a reduction in the interfacial tension with heating. 
However, from the mobile core the polymers within a structure may move and thus these 
larger disperse structures may rearrange locally and the structure may alter in morphology. 
Nonetheless the structures observed here for these polymers 6.4-6.6 have not overcome the 
kinetic barrier allowing unimer exchange and therefore a stable equilibrium blend structure 
is not formed and the structures formed do not structurally match the pure system. 
Conversely, the solvent switch protocol cryo-TEM images show only one population in 
solution (Figure 6.9d). Laser light scattering analysis was undertaken and as previously 
observed the blend and pure micelles are identical both before and after heating to 75 C for 
5 hours. It can be deduced that for the solvent switch protocol equilibrium structures could 
form as the solvent quality is slowly reduced and consequently chain exchange is slowly 
reduced, causing equilibrium to be reached before the chain exchange slows down to the 
point where the chain exchange is slower than the equilibration time. These equilibrium 
structures (B-SS-6.5) are therefore locked in once the good solvent is removed and cannot 
exchange with heat but are indicative of structures formed at equilibrium. Here no change in 
the system was observed after heating, thus the hypothesis that the kinetic energy barrier for 





Here for this targeted system the energy barrier is too high which prevents reorganisation of 
the entire system and the formation of equilibrium blend micelles. Consequently the 
structural similarities between the pure and blend systems are not present. 
From a combination of light scattering analysis and cryo-TEM it appears that the structures 
formed by 6.4-6.6 are frozen in solution. to investigate this further, variable temperature 
1
H 
NMR spectroscopy analysis was used to probe the mobility of the core on the molecular 
level (Figure 6.10), in a similar manner to the previous system with a short P(EHA-co-
DMA) core forming block. Here the B-DD-6.5 system was explored and in contrast to the B-
DD-6.2 system a distinct linear relationship between relative peak area of the EHA methyl 
protons compared to the solvent peak and temperature is observed.   
Figure 6.10 a) Relationship between relative peak area at 0.8 ppm from 
1
H NMR 
spectroscopy and temperature for B-DD-6.5 upon gradual heating from 20 C to 70 C in 
D2O. b) Relationship between relative peak area at 0.8 ppm from 
1
H NMR spectroscopy 
and temperature for B-DD-6.5 and B-DD-6.2 upon gradual heating from 20 C to 70 C in 
D2O. Data normalised to solvent D2O peak.  
 
This linear trend as mentioned previously could be predicted for limited chain mobility or 
solvent interactions with temperature, such as a frozen micelle. This increase in solvent 
interactions through core swelling or faster relaxation in 1H NMR spectroscopy will thus 





EHA monomer in the solvophobic block. Where the B-DD-6.2 system shows a nonlinear 
trend this B-DD-6.5 has a linear relation possibly indicating that limited core mobility from 
either unimer expulsions of solvent swelling in the core. Furthermore, when the relative peak 
area of B-DD-6.5 is compared to B-DD-6.2 a large difference in the intensities is observed 
(Figure 6.10b), specifically at low temperatures when both micelles are believed to be 
frozen. This larger decrease in intensity could be related to the decrease in mobility of the 
core from hydration; as the core is not completely solvophobic some solvent (water) could 
enter the micelles’ cores. For the B-DD-6.5 system, the relative peak area is much smaller 
than those for B-DD-6.2 studies which feasibly indicates that less solvent penetrates into the 
micelle core as the solvophobicity is much greater in the B-DD-6.5 system and subsequently 
the interfacial tension between the micelle core and solvent is also much larger. This larger 
interfacial tension may lead to a larger energy barrier for molecular exchange which was 
expected for this system.   
6.3.3.3. Effect of Tg 
In this section the influence of glass transition temperature (Tg) on the copolymer blending 
method is explored. Previously 2-ethylhexyl acrylate was chosen as it produces a low Tg 
polymer core, whereas in this section the hydrophobic monomer is isobornyl acrylate, by 
using IBA as the hydrophobic monomer core blocks with a high Tg are formed (Tg values for 
the core block as explored by differential scanning calorimetry, DSC, 6.7 = 88C, 6.8 = 
90C, 6.9 = 87C). For these studies the P(IBA-co-DMA)-b-PDMA diblock copolymer 6.7 
(60% IBA in the core)  and 6.9 (40% IBA in the core) were blended together to match the 
composition of 6.8 (50% IBA in the core), see Table 6.1 for specific polymer and 
composition data. Moreover these polymers 6.7-6.9 studied are at the same block lengths as 
the first PDMA-b- P(EHA-co-DMA), 6.1-6.3, system and are thus used as a direct 
comparison to this system to understand the influence of Tg on the formation of equilibrium 





temperatures (room temperature to 75 C) used are lower than the Tg values of the 
associating block for the PDMA-b-P(IBA-co-DMA) diblock copolymers, and as a 
consequence the core block remains glassy throughout.  
Here in this section the studies are focused on the P(IBA-co-DMA)-b-PDMA polymer series 
6.7-6.9 with blends B-TF-6.8, B-DD-6.8 and B-SS-6.8. Therefore the same assembly 
pathways for the previous systems were also investigated for this polymer series. Although 
the solvent switch assembly route and the direct dissolution route lead to solubilised 
polymers in solution the thin film rehydration pathway did not solubilise the polymer in 
solution even after extended periods of time or heat. This insoluble behaviour was attributed 
to extended organised films being produced which cannot solubilise in solution. 
Static and dynamic light scattering experiments were conducted on polymer solutions in 
water at a concentration of 2 g/L at 20 C and in a similar manner to the pervious P(EHA-co-
DMA)-b-PDMA polymer series light scattering was used to explore the formation and 
structure of blend micelles in solution. Here for this high Tg system it was observed that for 
the solutions left at room temperature the blend and pure systems only structurally match 
when the solvent switch pathway for assembly is used see Figure 6.11a. However, in contrast 
to the 6.1-6.3 P(EHA-co-DMA)-b-PDMA polymer analogues after heating to 75 C for 5 hrs 
no change in the structures of the micelles were observed by both laser light scattering and 
cryo-TEM for both the solvent switch and direct dissolution protocols. Initially this could be 
interpreted as the polymer micelles already being at equilibrium before the solutions were 
heated. However in this situation identical structures would be observed irrespective of 
pathway and whether the micelles were blend or pure, which was not the case for these 
experiments. Therefore it strongly signifies that no rearrangement of the micelles occurred in 
solution and that the system is indeed frozen regardless of external energy from heating. In 
spite of this frozen behaviour the blend micelles formed by the solvent switch method still 





between the blend and pure systems indicate that structures formed from the solvent switch 
protocol are frozen, but were potentially formed under equilibrium conditions (Figure 6.12).  
 
Figure 6.11 a) Relationship of Nagg with preparation pathway for the mixed and pure samples 
for the P(IBA-co-DMA)-b-PDMA systems. b) Relaxation distribution from DLS of P-
DD-6.8 and B-DD-6.8 at room temperature.   
 
As shown in Figure 6.11a (laser light scattering experiments of P(IBA-co-DMA)-b-PDMA 
diblock copolymers using the solvent switch protocol) both blend (B-SS-6.8) and pure 
micelles (P-SS-6.8) are observed to be structural analogues of each other. From cryo-TEM 
images (Figure 6.12) this structural similarity is further confirmed, indicating that 
equilibrium is reached before the structures are frozen in and chain exchange is inhibited and 






Figure 6.12 a) cryo-TEM micrograph for the P-SS-6.8 after heating. b) cryo-TEM 
micrograph for B-SS-6.8 after heating.c) Histogram of core diameter for blended micelles 
from P-SS-6.8 and B-SS-6.8 (averaged over 50 particles). 
 
Although the solvent switch pathways are believed to be formed under equilibrium 
conditions and hence the blend and pure micelle systems are identical, the direct dissolution 
assembly route conversely produced very different structures in solution (Figure 6.11a). The 
dissolution of amphiphilic block copolymers upon adding selective solvent to dry polymer 
powder depends largely on how the polymer disperses molecularly and upon its structure in 





micelles as often frozen nanoparticles are produced resembling the structures formed in the 
bulk which do not molecularly disperse and reorganise in the solvent.
6
 This frozen behaviour 
of the P(IBA-co-DMA)-b-PDMA diblock copolymer micelles in water is also highlighted by 
the distributions of relaxation times observed by DLS (Figure 6.11b); for the pure system a 
very broad distribution indicative of disperse out-of-equilibrium structures was observed for 
the B-DD-6.8 and P-DD-6.8. Moreover, for the blend system we can clearly observe a 
distinct second mode of relaxation; as observed in Chapter 4 these slow modes are negligible 
in solution but are difficult to remove via filtration, the origin of this slow mode can be 
attributed to the presence of larger insoluble frozen bulk structures. These results indicate 
that for the P(IBA-co-DMA)-b-PDMA diblock copolymers using the direct dissolution 
pathway although the temperature was increased the experimental temperature was still 
lower than the Tg of the core forming block and the cores still remain glassy. It is 
hypothesised that these glassy micelle cores kinetically trap the structures formed in the bulk 
in solution and unimer exchange is consequently inhibited preventing equilibrium. 
Consequently the blended and pure systems do not structurally match using the direct 
dissolution route of assembly.
43
  
Further experiments using variable temperature 
1
H NMR spectroscopy were also used to 
assess information on core mobility, as it is considered that the lack of core mobility from a 
high glass transition temperature of the polymer core prevents equilibration and 
reorganisation of the structures. As observed from 
1
H NMR spectroscopy the signals 
attributed to the core block methyl protons cannot be observed at room temperature or at 70 
C studied herein (Figure 6.13). This phenomenon leads to the conclusion that there is 
restricted mobility of the core and that the core block never resides in the solvent. 
Additionally, similarly to the B-DD-6.2 system some solvent may still enter the core but in 
contrast to the B-DD-6.2 this does not increase the core mobility despite the core hydration. 
This does not mean to say that water does not enter the core, only that the core block has 





of the high Tg of the core block which leads to frozen nanostructures. Thus blended and pure 
micelles in general will not structurally match for high Tg systems unless blend micelles are 
formed before the glassy core locks in the structures.   
 
Figure 6.13 Partial 
1
H NMR spectra for P(IBA-co-DMA)-b-PDMA diblock copolymers, 
B-SS-6.8, at 20 C and 70 C inD2O. Expected ppm for asterix protons is 0.9-1.0. Data 














6.3.4. Mechanism and thermodynamic limitations 
The results presented herein demonstrate that both kinetic and thermodynamic 
considerations must be addressed for the blending protocol to be successful. From a kinetic 
aspect the structures must be able to overcome kinetic obstacles, of either a glassy micelle 
core or of the energy barrier for molecular exchange either during or after assembly to form 
blended micelles.  From the thermodynamic aspect the polymer cores must be able to mix so 
that spontaneous mixing will be thermodynamically favourable. If both these factors are 
considered then a perfectly mixed system will provide the lowest Gibbs free energy as this is 
the most entropically favoured structure. The systems within this Chapter were designed to 
potentially overcome the kinetic and thermodynamic barriers by copolymerising solvophilic 
units within the core forming block.  
Despite this, some systems did not produce perfectly blended systems. Specifically this was 
shown for the P(EHA-co-DMA)-b-PDMA, and P(IBA-co-DMA)-b-PDMA diblock 
copolymers using the thin film rehydration and direct dissolution routes for assembly. It is 
believed that the initial structures from the direct dissolution and thin film rehydration 
protocols before heating represent large metastable structures which have not perfectly 
mixed, but do have the capability to equilibrate if these structures can overcome the kinetic 
obstacles in place.
27
 Consequently blended micelles can form and structurally match those of 
pure systems in solution if the moderately hydrophobic blocks can globally rearrange, that is 
rearrange between other structures in solution, reaching equilibrium.  
Explicitly the direct dissolution and thin film rehydration protocols represent poor routes 
towards structures in the solution.
7
 For these two protocols when the bulk powders or thin 
films are initially dispersed into the water the bulk structures will dictate the resulting 
morphologies. It can be predicted that the core block and coronal blocks will phase separate 
in the bulk. Hence, when the powders are dispersed in water if the CoreSolvent is large enough 





which do not form blend micelles but rather acts as precursor to structures in solution (Figure 
6.14). After heating the solutions it was observed that reorganisation had occurred, 
specifically for the P(EHA-co-DMA)-b-PDMA polymers with small core blocks, as 
observed by laser light scattering and cryo-TEM. This reorganisation is believed to be a 
consequence of a decrease in the interfacial tension between the core forming block and the 




Figure 6.14 Schematic representation of the transformation of bulk metastable structures into 
blended equilibrated micelles. 
 
In contrast, the P(DMAEMA-co-DEAEMA)-b-PDMAEMA diblock copolymers explored in 
Chapters 4 and 5 are dispersed using the direct dissolution protocol but the solutions are first 
adjusted by addition of acid and the bulk structure is completely destroyed. Therefore this is 
the same mechanism of dispersion and assembly for the solvent switch method. The addition 
of good solvent destroys the bulk structure to provide a solution of molecularly dissolved 
unimers which can then cooperatively assemble forming a perfectly blended system under 
equilibrium conditions during assembly.  
As mentioned in the introduction Halperin and Alexander documented that the energy barrier 







, and its interfacial tension between the associating block and the solvent, , 




 As the solutions were heated the interfacial tension between the core 
and solvent is reduced, and once lowered enough molecular exchange can occur. Once this 
molecular exchange can occur unimers can reorganise within the system and over time the 
thermodynamically preferred structure is then reached, which will structurally match the 
micelles formed by a pure polymer system that has also reached equilibrium. At room 
temperature however, it was observed that no appreciable chain exchange had occurred over 
10 days (Table 6.5), indicating that the energy barrier is too high for molecular exchange. 
Although after heating the micelles are representative of micelles formed under equilibrium 
conditions, once cooled to room temperature they do not exchange unimers and rearrange.  
Kinetically it is now understood how blend structure can form; however, the thermodynamic 
factors must also be considered if a stable blend micelle is to form. Thermodynamically the 
blending must be favoured thus allowing structures to reach the Gibbs free energy minima, 
therefore both enthalpic and entropic considerations must be considered. The enthalpic 
change in core block stretching should not be relevant for these polymers as all core forming 
blocks were targeted to have the same block length. Therefore no difference in chain 
stretching between micelle cores in the blends should be present and any enthalpic 
differences within the blend systems are not large enough to prevent equilibration. From an 
entropic consideration there are more factors to address. The re-entry of polymer chains back 
into the parent micelle will disorder the micelle core and be entropically favoured. However, 
the largest amount of entropy is gained from a completely blended micelle core and the 
exchange of polymer chains to form blend micelles is the most favourable thermodynamic 
process, leading to the formation of blend micelles in each system if the kinetic constraints 





By understanding the free energy balance of micelles it can be understood why blend 
micelles can form identical structures to pure micelle systems. The free energy of polymer 
micelles is calculated from equation 6.3.44 
                    +        +           (6.3) 
Consequently it can be understood that when a poorly hydrophobic polymer, one with low 
hydrophobic incorporation in the core forming block, is introduced the finterface and fcore values 
both reduce as the coronal blocks are identical for both polymers. This similarly matches the 
addition of polymer to reduce the interfacial tension in bulk blends.45 By reducing the free 
energy by the addition of poorly hydrophobic polymer a decrease in aggregation can be 
observed for all diblock copolymer micelles as observed by SLS. When a specific core 
composition is targeted for the polymer micelles and they can overcome thermodynamic and 
kinetic obstacles then the same free energy as the pure system must be reached. In addition, 
for all series of diblock copolymers used the block lengths within each copolymer are quasi-
identical, and as a consequence it is plausible that the packing of the polymer chains is not 
vastly changed in the blend micelle. Consequently when the energy terms are balanced and 













The considerations and mechanisms for the copolymer blending method have been 
investigated further in this Chapter. By exploring a range of diblock copolymers and 
assembly conditions the copolymer blending method can be easily extended using a range of 
assembly routes to produce blend structures that structurally match those of a pure sample at 
the same composition. Experimentally it was shown that the ability for this new blending 
route to be successful depends on the capability of the polymeric micelles reaching 
equilibrium whilst having compatible core blocks. From both light scattering analysis and 
cryo-TEM analysis it was understood that the governing factors influencing this are the core 
mobility with respect to the system globally, which is broken down specifically into two 
factors a) a glass transition temperature below that of the experimental temperatures used 
and b) an energy barrier low enough for molecular exchange. These two factors allow for a 
global equilibrium and the lowest free energy blend structure to form, which is the structural 
mirror of the pure system. This Chapter introduced and explored the limitations of the 
blending method and highlighted the kinetic concerns which must be taken into 
consideration to produce stable equilibrium micelles. Being able to understand these 
limitations allows for application advances over conventional polymeric nanostructure 
assemblies.  
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6.6. Experimental  
6.6.1. Materials  
Monomers were filtered through a plug of silica prior to use and stored at 4 °C. AIBN (2,2'-
azo-bis(isobutyronitrile)) was recrystallised from methanol and stored in the dark at 4 °C. All 
other materials were used as received from Aldrich, Fluka, or Acros. 
6.6.2. Synthesis 
6.6.2.1. General procedure for polymerisation of DMA 
A solution of dimethyl acrylamide (DMA), 120 or 350 equivalents, 0.1 equivalents of AIBN 
and 1 equivalent of cyanomethyl dodecyl trithiocarbonate (CMDT) in 1,4-dioxane (1:1 
volume compared to monomer) was added to a dry ampoule containing a stirrer bar. The 
solution was degassed using at least 3 freeze-pump-thaw cycles, back filled with nitrogen, 
sealed and placed in a pre-heated oil bath at 70 °C. After 2 hours the polymerisation was 
quenched by liquid nitrogen and opened to air, the crude reaction was diluted with the 
minimum amount of dichloromethane (CH2Cl2) and the solution was precipitated into cold 
diethyl ether and the polymer isolated by filtered. Precipitation was repeated a further two 
times to afford a yellow macroCTA polymer powder (See Table 6.1 for molecular weight 
data).  
6.6.2.2. General procedure for chain extension of the MacroCTAs with DMA 
and IBA 
MacroCTA (1.0 eq.), AIBN (0.1 eq.) and a combination of DMA with isobornyl acrylate 
(IBA), (70 eq.) were dissolved in 1,4-dioxane (1:1 volume compared to the monomer) and 
were added to a dry ampoule containing a stirrer bar. The solution was degassed using at 
least 3 freeze-pump-thaw cycles, back filled with nitrogen, sealed and placed in a pre-heated 





crude reaction was diluted with the minimum amount of dichloromethane (CH2Cl2) and the 
solution was precipitated into diethyl ether and the polymer was isolated by filtered. 
Precipitation was repeated a further two times to afford a yellow powder (See Table 6.1 for 
molecular weight data). 
6.6.2.3. General procedure for chain extension of the polymers with DMA and 
EHA 
MacroCTA (1.0 eq.), AIBN (0.1 eq.) and a combination of  DMA with 2-ethylhexyl acrylate 
(EHA), (70 eq. or 250 eq.) were dissolved in 1,4-dioxane (1:1 volume compared to the 
monomer) and were added to a dry ampoule containing a stirrer bar. The solution was 
degassed using at least 3 freeze-pump-thaw cycles, back filled with nitrogen, sealed and 
placed in a pre-heated oil bath at 70 °C. After 5 hours the polymerisation was quenched by 
liquid nitrogen, the crude reaction was diluted with the minimum amount of dichloromethane 
(CH2Cl2) and the polymer was precipitated into diethyl ether and isolated by filtered. 
Precipitation was repeated a further two times to afford a yellow powder (See Table 6.1 for 
molecular weight data). 
6.6.2.4. Reactivity ratios of DMA and hydrophobic monomer 
DMA and hydrophobic monomer (IBA or EHA) at different ratios, CMDT and AIBN were 
dissolved in 1,4-dioxane. The ratio of [monomers]: [CTA]: [AIBN] was 70: 1: 0.1, the 
solution was degassed using at least 3 freeze-pump-thaw cycles, back filled with nitrogen, 
sealed and placed in a pre-heated oil bath at 70 °C. The conversion was kept below 10% and 
the reaction was quenched by liquid nitrogen and opened to air. Aliquots were taken and 








Table 6.6. f1 and F1 values for the copolymerisation of DMA (f1) and EHA (f2). 
Experiment Mol fraction in initial 
feed (f1) 
Mol fraction in copolymer 
(F1) 
1 84 81 
2 60 63 
3 45 48 
4 40 41 
5 30 27 
 
Table 6.7. f1 and F1 values for the copolymerisation of DMA (f1) and IBA (f2). 
Experiment Mol fraction in initial 
feed (f1) 
Mol fraction in copolymer  
(F1) 
1 80 75 
2 63 58 
3 51 45 
4 39 34 






6.6.3. Preparation of the aqueous solutions 
6.6.3.1. Preparation of P(EHA-co-DMA)-b-PDMA diblock copolymer and P(IBA-
co-DMA)-b-PDMA diblock copolymer micelles 
Three preparation methods for the solutions were used. The first method involved mixing 
polymer powders together and solubilising in water, this is termed the direct dissolution 
(DD) protocol. Here the polymer powders were weighed out mixed as powders, then 18.2 
MΩ water was added to give a polymer solution at 2.5 g/L which was stirred at room 
temperature overnight before analysis. Secondly a thin film rehydration approach was used 
(TF), this consisted of mixing dry polymer powders together in a vial and adding 
dichloromethane (CH2Cl2) at a concentration of 2 g/L, then stirred for 1 hour. Subsequently 
the dichloromethane was removed at 70 °C under vacuum for 24 h leaving a thin film of 
polymer on the vial. After 24 h, 18.2 MΩ water was successively added to give a polymer 
solution at 2.5 g/L which was left to stir at room temperature. The final protocol was the 
solvent switch (SS) method, the polymers were first solubilised in acetone at a concentration 
of 2 g/L for 1 hour, afterwards 18.2 MΩ water was slowly added to the solution to give a 
concentration of 0.67 g/L, and the excess acetone was subsequently removed under a slow 
purge of nitrogen for 24 h at room temperature and then removed under vacuum at 0 °C to 
give a polymer solution at 2.5 g/L. Once the polymer solutions were prepared the solutions 
from each protocol were split in two, one half of the solution was kept at room temperature 
whilst the second half was sealed and subjected to heating at 75 °C for 5 h and then left to 






6.6.4. Polymer Characterisation 
6.6.4.1. 1H NMR spectroscopy 
1H NMR spectra were recorded on a Bruker DPX-400 spectrometer in CDCl3 or D2O. 
Chemical shifts are given in ppm downfield from tetramethylsilane (TMS). 
6.6.4.2. Size exclusion chromatography 
Size exclusion chromatography (SEC) measurements were performed with HPLC grade 
solvents (Fisher), dimethylformamide (DMF) with 1.06 g/L of LiCl at 40 oC as an eluent at a 
flow rate of 1 mL/min or chloroform (CHCl3) with 2.5% volume of NEt3 at 40 
oC as an 
eluent at a flow rate of 1 mL/min, both on a set of two PLgel 5 μm Mixed-D columns. The 
molecular weights of the synthesised polymers were calculated relative to poly(methyl 
methacrylate) (PMMA) and poly(styrene) (PS) standards from refractive index 
chromatagrams. 
6.6.4.3. Differential scanning calorimetry  
Differential scanning calorimetry (DSC) was carried out in an aluminium sample holder with 
an empty aluminium pan as the reference. Changes in heat flow were recorded between -50 
C and 50 C over two cycles with a scan rate of 5 C /min under a nitrogen atmosphere. 
Calibrated was achieved using indium metal standards supplied by Mettler Toledo. 
6.6.4.4. Refractive index increment 
The specific refractive index increments (dn/dC) of the polymers in water were measured on 
a refractometer (Bischoff RI detector and a Shodex RI−101 RI detector) operating at a 





6.6.5. Micelle Characterisation 
6.6.5.1. Laser light scattering 
Measurements were performed at angles of observation ranging from 20° up to 150° with an 
ALV CGS3 setup operating at λ0 = 632 nm and at 20 ± 1 °C. Data were collected in 
duplicate with 240 s run times. Calibration was achieved with filtered toluene and the 
background was measured with filtered solvent (NaCl 0.1 M).  
6.6.5.2. Dynamic light scattering (DLS) 
The intensity autocorrelation functions g2(t) obtained from dynamic light scattering were 
related to g1(t) (the normalised electric field autocorrelation functions) via the so-called 
Siegert relation. Then g1(t) was analysed in terms of a continuous distribution of relaxation 
times (eqn. 1.18 using the REPES routine
46
 without assuming a specific mathematical shape 
for the distribution of the relaxation times (A()). The apparent diffusion coefficient D was 
calculated from eqn. 1.16 given that the average relaxation rates Γ of the scatterers were q2 
dependent, where q is the scattering vector given by q=(4πn/λ0).sin(/2) with  the angle of 
observation and n = 1.333 the refractive index of the solvent (water). Its concentration 
dependence is given by D = D0(1+kDC) where kD is the dynamic second virial coefficient and 
D0 the diffusion coefficient used for computing the hydrodynamic radius (Rh) of the 
scatterers according to the Stokes-Einstein eqn. 1.19. With ɳ the solvent viscosity, k the 
Boltzmann’s constant and T the absolute temperature. Values of Rh given in the following 
are then obtained after extrapolation to zero concentration.  
6.6.5.3. Static light scattering (SLS) 
The Rayleigh ratio of the solutions have been measured using toluene as a reference 
according to eqn. 1.12 where Ii represents the intensity scattered by species i and Rtoluene is 
the Rayleigh ratio of the reference. In dilute solutions if Rg.q < 1 where Rg is the radius of 





second virial coefficient and Mw the weight average molecular weight.  K is an optical 
constant given by eqn 1.11. Where no = 1.496 is the refractive index of the reference liquid 
(toluene), dn/dC is the specific refractive index increment determined by differential 
refractometry (see Table 4.1) and NA is Avogadro’s number. Values of Mw are then obtained 
after extrapolation to zero concentration and zero angle and used to derive the aggregation 
number of the micellar aggregates Nagg = Mw/Mw,unimers.  For spherical morphologies, it is 
possible to deduce the core radius, Rc, from the aggregation number, using equation (2.1) 
assuming the core block is dehydrated and the density matches that of the bulk value, ρ.9 
When in some cases two modes of relaxation were observed by DLS measurements, R was 
described as the sum of two contributions according to eqn. 1.25, where f and s stand 
respectively for fast and slow modes and using 1.26. Where Af and As are the relative 
amplitudes of the fast and slow modes obtained by DLS. The slow mode of relaxation 




6.6.5.4. Cryogenic transmission electron microscopy samples (cryo-TEM) 
Cryo-TEM was conducted on a FEI Sphera microscope operated at 200 keV. 3.5 L of 
sample were added to freshly glow discharged Quantifoil R2/2 TEM grids. The grids were 
blotted with filter paper under high humidity to create thin films and rapidly plunged into 
liquid ethane. The grids were transferred to the microscope under liquid nitrogen and kept at 
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7. Conclusions and future outlook 
This thesis has dealt with the solution self-assembly of amphiphilic polymers in both polar 
and non-polar media. In Chapters 2 and 3 it was demonstrated that hydrophobically end 
group modified amine polymers self-assemble into discrete spherical micelles in non-polar 
media. When self-assembled in non-polar media the amines in the micelle core create unique 
nanoenvironments with a high local concentration of amine functionality. Consequently an 
increased basicity in solution was observed by potentiometric titrations in organic media. 
These self-assembled nanostructures were explored as an alternative to metal salt detergents 
which are currently used in lubricant formulations to neutralise acid compounds formed 
during the combustion process. This was achieved using both potentiometric titrations and 
total base number (TBN) analysis (as described in Chapter 3). The combination of these two 
analytical methods provided complementary analysis of the polymers and highlighted the 
need for both techniques to ensure a full understanding of their neutralisation ability and 
hence their potential application as a lubricant additive. Specifically, the potentiometric 
titrations provide information on the strength of the base and the TBN analysis method 
examined the amount of base present in the system, both of which determine the efficacy of 
the material in acid neutralisation.  
Chapter 4 explored the assembly and dynamics of pH responsive amphiphilic diblock 
copolymers, in solution, where the associating block was a tuneable copolymer block. By 
using a host of analytical techniques it was observed that a range of micelles were formed in 
aqueous media and that their behaviour, both aggregation and dynamics, was dependant on 
the solution pH and the composition of the associating block. Moreover, a key conclusion 
from this Chapter was the importance of using complementary analysis and characterisation 
methods to obtain in depth structural analysis of self-assembled materials. For example, 
although large changes in aggregation number were observed between the polymer micelles 





measured by DLS, did not significantly change between systems. Thus, DLS alone does not 
provide adequate information on the system and complementary SLS studies should be 
undertaken when examining such a series of polymer micelles. Nevertheless, despite the 
large range of nanostructures, the limitation of this system is that to change the nanostructure 
found at a defined pH value a new polymer must be synthesised. Hence Chapters 5 and 6 
explored a new assembly protocol for these diblock copolymers with the aim to negate the 
need for exhaustive synthetic of precursor block copolymers. Specifically, the new assembly 
protocol was to blend two diblock copolymers together to form a blended structure with a 
targeted intermediate composition of the two parent diblock copolymers. These blended 
assembles were then compared to assemblies prepared from the compositionally pure 
diblock copolymer systems. The blending protocol demonstrated that if the diblock 
copolymers can reach equilibrium then the blend structure formed is structurally identical to 
a structure formed by a single polymer system at the same composition. Thus it was 
concluded that the blending protocol provided significant benefits over the synthesis of a 
range of polymers and their subsequent assembly in solution.   
Future work and outlooks to extend this research on amphiphilic block copolymers would 
initially focus on further testing of the amine polymer in non-polar media (such as mineral 
oil) as lubricant additives. Specifically, to analyse these polymers in a formulation with other 
additives present e.g. rust inhibitors, viscosity modifiers and, within an engine environment. 
These experiments would better mimic the different environments that the amine polymers 
would be subjected to once formulated into a commercial product. 
In the second part of this thesis, the blending protocol was shown to be a very effective 
alternative to the traditional approaches of solution self-assembly from a block copolymer of 
single composition. Our work to date has used this blending protocol used in this thesis was 
used to alter the structure of spherical micelles in solution, therefore, an extension of this 





blend and pure micelles, although structurally the micelles are identical between blend and 
pure micelles at equilibrium, the next outlook would be to understand if the domains within 
the nanostructures behaviour identical i.e. catalytically active micelles or fluorescent probes 
within the micelle core. The second is to apply this technique to different morphologies e.g. 
forming blended cylinders. This would be an important target as the assembly of diblock 
copolymers to form cylindrical micelles occurs in a small compositional window, which can 
require extensive synthesis of a specific composition to access. Instead, our new method 
allows for the blending of just two diblock copolymers to access a range of compositions and 
hence allow for straightforward targeted self-assembly.  In addition to forming a new blend 
structure an extension of the protocol is to explore the changes that arise from blending 
different morphologies e.g. blending a vesicle and a spherical micelle.  
As a final suggested area to advance this research an option would be to combine both the 
research topics of this thesis. The amphiphilic amine polymers explored in the early chapters 
offer great potential as a new lubricant additive and have been widely accepted by our 
industrial sponsor with a patent application. Therefore, it is possible to streamline the large 
scale synthesis and for applications of these new diblock copolymers an alternative would be 
to use the copolymer blending protocol. The blending protocol would allow for a range of 
amine nanostructures to be formed but would be synthetically less demanding and more time 
efficient for large scale applications. 
 
 
